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at  pop-in.  The  crack  growth  followed  an  exponential  relation  with  J.  Data  in 
the  literature  on  other  materials  also  obeyed  an  exponential  relation.  This 


relation  was  used  to  evaluate  J<c(,\and  to  extend  the  application  of  the  tearing 
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SECTION  1 
INTRODUCTION 


The  purpose  of  this  investigation  was  to  study  experimentally  the  initiation 
and  crack  growth  of  cracks  under  monotonic  loading  using  the  J-integral 
method.  Polycarbonate  (PC)  was  used  as  a  model  material  in  the  experiments 
because  it  is  both  ductile  and  transparent.  The  study  was  conducted  in 
the  regime  of  large  plastic  strains  where  linear-elastic  fracture  mechanics 
(LEFM)  is  invalid  and  non-linear  fracture-mechanics  (NLFM)  concepts  must 
be  used.  The  J-integral  was  studied  because  it  is  the  most  promising  of 
these  concepts. 


Crack  growth  under  large  plastic  strains  is  an  important  engineering  problem. 
Some  materials  are  extremely  ductile  and  can, therefore,  withstand  large 
amounts  of  plastic  strain  before  the  initiation  of  crack  growth.  Whenever 
the  plastic  zone  size  at  the  crack  tip  becomes  of  the  same  order  of  magnitude 
as  other  in-piane  geometrical  dimensions,  LEFM  is  invalid.  Thus,  the 
fracture  and  safety  of  structures  made  from  such  ductile  materials  can  only 
be  determined  using  NLFM. 

The  J-integral  for  two-dimensional  problems  which  was  proposed  by  Rice^ 

is  a  path- independent  integral  around  a  crack  tip  for  a  non-linear  elastic 

2 

material.  The  integral  derived  earlier  by  Eshelby  is  defined  for  a  crack 
parallel  to  the  x-axis  as 


J  = 


(Wdy  -  T 

Jr 


(l) 


where  T  is  a  path  starting  at  the  lower  crack  surface  and  extending  in  a 

counterclockwise  direction  around  the  crack  tip  to  the  upper  surface;  W 

is  the  strain-energy  density;  T  is  the  traction  vector  along  the  path;  and 

u  is  the  displacement  vector  along  this  path.  The  value  J  of  the  J-integral 

3 

has  been  shown  by  McClintock  to  characterize  the  stress  and  strain  field 
about  the  crack  tip  for  a  power-law  hardening  material 
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(2b) 


where  A  and  n  are  constants  in  the  power-law-hardening  equation: 

a  =  A(ep)n,  where  o  and  ep  are  the  equivalent  stress  and  equivalent 

4 

plastic  strain,  respectively;  I  is  a  function  of  n;  r  is  the  radial 
distance  from  the  crack  tip;  and  (0)  and  (0)  are  functions  of  the 
angular  distance  from  the  crack  tip.  Equations  (2a)  and  (2b)  are  based 
upon  the  crack-tip  model  of  Hutchinson^  and  Rice  and  Rosengren^  which 
shows  that  the  product  of  stress  and  strain  has  a  1/r  singularity.  The 
crack-tip  analysis  is  valid  as  long  as  no  unloading  occurs  at  the  crack 
tip,  such  as  that  which  takes  place  when  the  crack  grows.  However,  this 
analytical  restriction  does  not  preclude  experimental  attempts  to  use  the 
J-integral  after  crack  growth  has  begun.  The  J-integral  may  sufficiently 
characterize  the  stress  and  strain  fields  of  the  growing  crack. 


Under  conditions  of  LEFM,  the  value  of  J  is  equivalent  to  the  strain- 
energy  release  rate,  G.  J  and  G  are  related  to  the  stress-intensity  factor 
K  by 


2 

J  ■  G  -  K  /E  for  plane  stress  (3a) 

J  =  G  =  (l-v^)K^/E  for  plane  strain  (3b) 

where  E  is  the  elastic  modulus  and  v  is  Poisson's  ratio. 


A  method  of  measuring  the  value  of  the  J-integral  experimentally  was 
developed  by  Begley  and  Landes this  method  was  based  upon  the  following 
definition  of  J: 


J 


9U 

3a 


(4) 
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where  U  is  the  potential  energy  per  unit  thickness  and  a  is  the  crack 
length.  The  first  method  which  they  proposed  was  a  graphical  data- reduct ion 
scheme  requiring  the  use  of  multiple  specimens.  The  end  result  was  a 
graph  of  J  vs.  load-point  displacement.  Later,  they  proposed  a  second 

g 

method  based  upon  an  estimation  formula  for  J  from  the  fully  plastic 
9 

behavior  of  the  specimen.  With  this  second  method,  a  graph  of  J  vs. 
amount  of  crack  growth,  Aa,  was  developed;  this  graph  was  called  a 
J-Integral  Resistance  Curve.  From  this  curve,  the  value  of  J  at  the 
beginning  of  crack  growth  (J.^)  could  be  determined.  It  has  been  shown 
by  Griffis  and  Yoder^  and  by  Landes,  et  al.,^  that  these  two  methods  of 
measuring  J  are  equivalent . 


Crack  growth  takes  place  when  the  sharp  fatigue  precrack  forms  a  blunt 

12 

crack  tip  followed  by  fracture  of  the  material  ahead  of  the  tip. 

This  crack-tip  blunting  advances  the  crack  length  and  is,  therefore, 

included  in  the  amount  of  crack  growth,  Aa.  The  relation  between  J  and 

the  amount  of  crack  growth  caused  by  blunting,  A a  ,  has  been  given  by  a 

8  ™ 

formalized  blunting  line, 


Aa_  = 


B  2o . 


(5) 


where  a ^  is  the  flow  stress — usually  defined  as  the  average  of  the  yield 

and  ultimate  stresses.  Some  controversy  exists  over  the  factor  of  2  in 
13 

Eq.  (5).  The  initiation  of  crack  growth  is  said  to  have  taken  place 
when  the  measured  amount  of  crack  growth  is  greater  than  AaD.  The 

D 

value  of  J  at  this  point  is  called  J^,  the  fracture  toughness  of  the 
material.  It  is  thought  to  be  a  material  property  and  is  related  to 
through  Eq.  (3b). 


The  J-integral  has  been  used  with  success  as  a  parameter  to  characterize 

the  initiation  of  crack  growth  in  a  number  of  materials. ^  ^ ^  ^ 

An  ASTM  standard  is  being  developed  for  the  measurement  of  the  J-integral 

14-15 

at  the  initiation  of  crack  growth. 


The  value  of  J  has  been  found  to  be  independent  of  specimen  size  as 

X  Li 

long  as  a  minimum  size  is  exceeded: 

JIC 

B,a,b  >  a  -  (6) 

af 

where  B  is  the  specimen  thickness;  a  is  crack  length;  b  is  the  remaining 
ligament;  a  is  a  constant;  and  is  the  flow  stress.  The  size  criterion 
is  governed  by  a  which  has  a  value  somewhere  between  25  and  50,  depending 
upon  the  material. 


Many  materials  have  much  more  resistance  to  fracture  than  indicated  by 

J  .  In  order  to  utilize  this  additional  fracture  toughness  in  engineering 
XL 

design,  a  method  called  the  Tearing  Instability  Theory  has  been  proposed 
25 

by  Paris,  et_  al.  This  method  is  based  upon  structural  compliance  and  the 
J-integral  resistance  curve.  When  the  elastic  recovery  of  the  structure 
caused  by  crack  growth  cannot  be  absorbed  by  the  plasticity  around  the 
crack  tip,  it  must  be  absorbed  by  additional  crack  growth,  in  which  case 
unstable  crack  growth  takes  place.  Otherwise,  the  crack  grows  in  a  stable 
manner.  The  theoi'»  defines  a  material  parameter  called  the  tearing 
modulus,  T,  for  characterizing  the  stable  crack-growth  behavior  as 


T 


E  riJ 
2  da 


(7) 


where  E  and  have  been  defined  previously  and  dJ/da  is  the  slope  of 
the  J-integral  resistance  curve.  This  slope  is  found  from  a  linear 
approximation  of  the  resistance  curve,  in  the  early  stages  of  crack  growth. 


Polycarbonate  (PC)  was  used  as  a  model  material  because  it  is  transparent 
and  ductile.  The  transparency  allowed  the  crack  length  to  be  measured  as 
the  crack  grew,  making  it  possible  to  generate  a  J-integral  resistance 
curve  for  each  specimen.  With  opaque  materials,  such  as  metals,  each 
specimen  yields  only  one  data  point  unless  special  crack-length-measurement 
techniques  are  employed.  Thus,  six  or  more  specimens  are  usually  required 
to  generate  this  curve.  The  ductility  of  PC  meant  that  crack  growth 


4 


could  be  studied  under  large  plastic  strains,  which  was  the  object  of 
the  research.  The  specific  type  of  PC  used  was  Lexan. 

Crack  growth  in  PC,  and  in  most  other  polymers,  occurs  by  the  formation 

of  a  crazed  zone  ahead  of  the  crack  tip,  followed  by  the  rupture  of  the 

craze.  As  the  craze  breaks,  the  crack  grows  and  a  new  craze  forms. 

26 

Reviews  on  the  subject  of  crazing  have  been  conducted  by  Kambour, 

27  28 

Brown,  and  Kinloch,  as  well  as  others;  and  craving  in  PC  has  been 

29  30 

studied  by  Fraser  and  Ward  and  by  Mills.  Crazing  in  polymers  is  a 
form  of  plastic  deformation,  the  other  type  of  plastic  deformation  being 
shearing.  Crazing  occurs  by  reorienting  the  molecular  chains  over  a 
narrow,  but  sometimes  long,  region  such  that  the  chains,  or  fibrils,  span 
the  narrow  gap.  Between  the  fibrils  is  an  open  space,  or  void;  therefore, 
crazing  in  polymers  is  similar  to  void  formation  in  metals.  Thus,  the 
crazed  region  ahead  of  the  crack  tip  in  polymers  may  be  analogous  to 
the  process  zone  ahead  of  the  crack  tip  in  metals.  The  craze  cannot  be 
considered  as  a  crack  because  it  carries  a  portion  of  the  load.  The 
micromechanics  of  craze  formation,  growth,  and  rupture  are  not  well 
understood.  Various  theories — sometimes  conflicting — have  been  proposed 
to  explain  the  various  aspects  of  crazing,  but  few  are  universally  accepted. 

31-32 

Parvin  and  Williams  found  in  Markrolon  PC  that  crack  growth  began 

at  a  value  of  2.24  MPa/in  (2040  ps  i/in.);  and  pop- in  took  place  at 
'..00  MPa/m  (3640  psi  /in.),  with  final  fracture  also  occurring  at  this  value 
of  K.  They  used  single-edge-notched  specimens  of  dimension  150  by  50  mm 
(5.91  by  1.97  in.)  with  thicknesses  of  3  mm  (0.118  in.)  and  5  mm 
(0.197  in.),  having  crack  lengths  ranging  from  8  to  2  mm  (0.315  to 
0.079  in.).  The  crack  tip  was  sharpened  either  by  machining  with  a  fly 
cutter  of  root  radius  <0,5ym  (0.02  mils)  or  by  razor  blade.  The 
specimens  were  pulled  in  tension,  and  net  section  yield  with  necking  took 
place  before  fracture.  Thus,  the  value  of  K  at  pop-in  may  not  be  accurate 
because  the  size  of  the  plastic  zone  is  not  small  with  respect  to  the 
crack  length.  This  problem  does  not  appear  to  be  present  for  the  value 
of  K  at  the  beginning  of  crack  growth.  No  effect  of  specimen  thickness, 


displacement  rate  of  0.05  and  0.5  cm/min.  (0.02  to  0.2  in. /min.),  or 
the  notch-sharpening  technique  employed  was  observed  on  these  values  of  K. 

33 

Brinson  made  a  study  of  the  plastic  zone  size  about  the  crack  tip  in 
PC  using  photoelasticity  and  the  Dugdale  Model.  He  used  a  center-cracked 
panel  (CCP)  specimen  of  1.5  *  4.0  *  0.020  in.,  containing  a  slit  0.015  in. 
high  and  0.125  in.  long.  The  slit  had  an  0.010- in. -long  notch  at  each  end 
and  a  root  radius  no  larger  than  0.005  in.  Good  agreement  was  found  between 
the  measured  plastic  zone  size  and  that  predicted  by  the  Dugdale  Model. 

From  the  data  the  value  of  G  at  which  crack  growth  began  was  -  5psi-in., 
and  fracture  occurred  at  68  psi-in. 

30 

Mills  also  studied  the  plastic  zone  size  using  photoelasticitv  and  found 
good  agreement  between  the  data  from  experimental  measurements  and  the 
predictions  of  the  Dugdale  model.  He  studied  two  other  polymers  in  addition 
to  a  Merlon  M-39  PC.  He  used  a  CCP  specimen  200  *  75mm  (7.87  *  2.95  in.) 
having  crack  lengths  (2a)  ranging  from  10  to  20mm  (0.394  to  0.787  in.) 
and  thicknesses  of  0.5  to  6  mm  (0.020  to  0.240  in.).  Two  types  of  yielding 
in  the  plastic  zone  were  observed.  For  specimens  0.5-mm  (0.020- in.) 
thick,  shearing  at  a  45-deg.  angle  took  place  at  the  crack  tip,  whereas 
crazing  occurred  for  specimens  1.5-  to  6-mm  thick  (0.059  to  0.240  in.). 

(No  data  were  reported  between  0.5  and  1.5 mm).  The  shape  of  the  crack 
front  became  semi-elliptical  as  the  crack  grew  through  the  craze.  At 
some  point,  the  crack  would  grow  rapidly  and  either  fracture  the  specimen 
or  arrest  after  forming  two  45-deg.  shear  lips. 

In  a  study  of  fatigue-crack  retardation  in  PC,  Banasiak^_35  measured 
a  value  of  3300  psi/in.  for  K^.  The  sheet  of  PC  used  was  the  same  as 
in  the  present  study,  but  a  different  direction  of  crack  growth  was  studied; 
Banasiak  used  the  T-L  direction,  whereas  the  T-S  direction  was  used  in 
the  present  study.  These  directions  are  defined  in  ASTM  Standard  E399 
for  measuring  K^. 
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Fraser  and  Ward  made  a  study  of  crazing  and  fracture  of  PC  over  the 

temperature  range  22.5  to  -70°C  and  also  analyzed  their  results  by  means 

of  the  Dugdale  Model.  They  used  a  compact-tension  specimen  50  *  46.7mm 

(1.97  x  1.84  in.)  (crack  length  was  unreported).  A  sharp  notch  was  made 

with  a  razor  blade  after  the  specimen  was  cooled  to  the  temperature  of 

liquid  nitrogen,  -210°C.  The  craze  shape  was  studied  by  machining  out  the 

section  of  the  specimen  containing  the  craze  and  crack  tip  and  mounting 

it  in  a  special  apparatus.  This  apparatus  wedged  open  the  crack  in  order 

to  permit  photographs  of  an  interference  fringe  pattern  in  the  craze 

to  be  made.  From  these  fringes,  the  height  of  the  craze  was  calculated. 

Only  one  test  of  Lexan  PC  was  made  at  room  temperature  (22.5°C),  and  this 

specimen  was  6.48-mm  (0.255-in.)  thick.  At  the  point  where  the  crack 

began  growing  into  the  craze,  the  craze  length  was  101.5  pm  (4.00  mils); 

the  crack-opening  displacement  was  5.8  pm  (0.23  mils);  the  craze  stress 

2 

was  58  MPa;  and  G  was  0.37  kJ/m  .  These  last  two  values  were  calculated 

2 

from  the  Dugdale  Model.  The  fracture  toughness  was  found  to  be  4.6  kJ/m  . 
The  Dugdale  Model  yielded  a  good  description  of  the  craze  length. 

Key,  Katz,  and  Parker  reported  a  KIC  value  for  PC  of  3290  psi/in,  This 
value  is  in  good  agreement  with  the  values  given  above. 

The  fracture  properties  of  PC  can  be  given  in  terms  of  J  or  G.  Equation 

(3b)  is  used  to  calculate  J  from  K;  E  is  taken  to  be  322,000  psi  and  v 

is  0.38.  The  plane-strain  version  is  used  because  in  all  of  the  results 
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(except  for  those  of  Brinson  ),  the  thickness  is  sufficient  to  produce 
plane  strain,  as  evidenced  by  the  formation  of  crazes.  Values  of  J  at 

the  beginning  of  crack  growth  range  from  2.11  psi-in.  as  reported  by 

29  31-32 

Fraser  and  Ward  to  11.1  psi-in. by  Parvin  and  Williams.  The  low 

value  may  be  due  to  the  very  sensitive  crack-growth  detection  technique 

used.  An  intermediate  value  of  -  5 psi-in.  could  be  obtained  from 

Brinson's  data,  but  the  thickness  of  0.020  in.  is  in  the  range  of  shear 
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yielding  reported  by  Mills.  The  value  of  G__  found  by  Fraser  and  Ward 

ILi 

was  26.3  psi-in.  and  that  found  by  Banasiak  was  28.9  psi-in.,  giving  an 
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average  value  of  27.6  psi-in.  The  value  of  J  at  pop- in  was  given  as 
35.2  psi-in.  by  Parvin  and  Williams,  but  large-scale  plasticity  makes 
this  measurement  questionable. 


SECTION  2 

EXPERIMENTAL  CONSIDERATIONS 


MATERIAL 


The  material  used  in  the  experimental  program  was  polycarbonate  (PC). 

PC  was  chosen  as  a  model  material  because  it  is  transparent  and  ductile. 

The  transparency  was  of  prime  importance  because  it  enabled  the  crack 

length  to  be  continuously  recorded  during  the  test.  Thus,  a  single 

specimen  could  be  used  to  generate  the  J-integral  resistance  curve. 

With  opaque  materials,  such  as  metals,  it  is  necessary  to  use  multiple 

specimens  or  special  crack-length-detection  techniques  such  as  unloading 
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compliance  on  a  single  specimen  to  generate  this  curve.  Of  the  available 
transparent  materials,  PC  was  chosen  because  of  its  good  ductility,  which 
made  possible  the  attainment  of  fully  plastic  behavior  before  fracture. 

Other  transparent  materials,  such  as  Plexiglass  or  glass,  are  brittle  and 
fracture  in  the  elastic  regime. 
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The  PC  used  was  a  standard-grade,  unshrunk,  1-in. -thick  sheet  of  Lexan. 
Neither  the  detailed  history  of  the  sheet  nor  the  molecular  weight  was 
known.  The  sheet  appeared  to  have  been  made  by  laminating  two  0. 5-in. -thick 
sheets  together.  No  influence  of  the  lamination  upon  the  mechanical 
properties  was  observed,  and  the  longitudinal  (L)  and  transverse  (T) 
directions  in  the  plane  of  the  plate  could  not  be  determined.  The  crack- 
growth  tests  were  conducted  in  such  a  way  as  to  avoid  the  effects  of  the 
lamination. 

The  tensile  properties  of  the  PC  were  measured  using  the  dogbone-shaped 
specimen  shown  in  Fig.  1.  All  tests  were  run  on  a  screw-driven  Instron 
machine  under  displacement  control.  The  results  of  the  tensile  tests  are 
given  in  Table  1.  The  0.2%  offset  yield  stress  and  the  ultimate  stress 
were  calculated  using  the  original  area  of  the  specimen,  whereas  the  necked 
area  was  used  for  calculation  of  the  true  stress  at  fracture.  The  0.2% 
offset  yield  strength  is  a  common  measure  of  the  yield  strength  of  metals; 
however,  in  plastics,  the  ultimate  stress  as  given  in  Table  1  is  often 
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used  for  the  yield  strength.  These  measures  of  the  yield  stress  are  more 

fully  discussed  in  ASTM  Standard  D638  for  the  tensile  testing  of  plastics. 

The  average  value  of  the  0.2%  offset  yield  stress  was  39.23  MPa  (5,690  psi); 

the  ultimate  stress,  64.68  MPa  (9,380  psi);  the  true  stress  at  fracture, 

78.05  MPa  (11,320  psi);  the  elastic  modulus,  2220  MPa  (322,000  psi); 

and  the  percent  reduction  in  area,  37.6%.  With  the  exception  of  the 

yield  stress,  these  values  compare  well  with  those  reported  in  a  text  on 
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PC.  The  text  values  are  8,000  to  9,000  psi  for  the  yield  stress,  9,000 
to  10,500psi  for  the  ultimate  stress,  320,000psi  for  the  elastic  modulus, 
and  60  to  100%  for  the  elongation.  In  addition,  a  value  of  0.38  is  given 
for  Poisson’s  ratio.  The  values  in  the  text  appear  to  have  been  measured 
at  a  displacement  rate  of  0.2  in. /min.,  but  it  is  uncertain  how  the  yield 
stress  was  measured.  Therefore,  the  discrepency  between  the  yield  stresses 
may  be  due  to  the  use  of  different  measurement  techniques.  The  elongation 
of  60  to  100%  corresponds  to  a  percent  reduction  in  area  of  37.5  to  50% 
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under  the  assumption  that  constant  volume  deformation  occurs.  Ashbaugh 
also  measured  the  tensile  properties  of  PC  using  the  same  material  as  that 
in  the  present  study.  He  used  0.5-  and  0. 25-in. -diam.  tensile  bars  having 
gage  lengths  of  2  and  1  in.,  respectively;  special  care  was  taken  to  ensure 
good  alignment  of  the  specimen.  The  displacement  rate  was  0.75  in. /min. 

A  consistent  value  of  353,000  psi  was  measured  for  the  elastic  modulus, 
6,400  psi  for  the  0.2%  offset  yield  strength,  10,500  psi  for  the  ultimate 
stress,  78%  for  the  elongation,  and  44%  for  the  reduction  in  area.  These 
values  are  all  higher  than  those  measured  in  the  present  study.  The 
higher  elastic  modulus  could  be  due  to  Ashbaugh 's  superior  alignment,  and 
the  higher  yield  and  ultimate  stresses  due  to  this  alignment  in  conjunction 
with  the  higher  displacement  rate.  Although  a  universal  joint  was  used 
at  one  end  of  the  dogbone  specimen  in  the  present  study,  good  alignment 
was  difficult  to  obtain. 

A  typical  stress-strain  curve  for  PC  is  shown  in  Fig.  2.  The  curve  is 
similar  to  that  for  non-ferrous  metals  up  to  the  maximum  load.  At  this 
point,  a  neck  forms  in  the  gage  length  and  the  load  drops  • 
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Figure  2.  Stress-Strain  Curve  of  Polycarbonate  Specimen  T-3. 


The  load  remains  at  this  value  for  the  remainder  of  the  test  until 
fracture  occurs  (actually,  the  load  slowly  rises,  but  it  never 
approaches  the  maximum) .  The  load  remains  at  this  value  because  the  neck 
travels  up  and  down  the  gage  length,  at  a  constant  stress,  thereby 
absorbing  the  imposed  displacement.  PC  forms  new  necked  material  rather 
than  further  deforming  the  original  neck,  as  occurs  with  metals,  because 
of  its  st rain- hardening  properties.  Even  under  the  much  higher  stresses, 
the  necked  PC  has  more  resistance  to  plastic  flow  than  the  unnecked  PC. 

The  stress-strain  behavior  of  PC  has  been  compared  to  that  of  steel 
because  an  upper  and  lower  yield  point  appears  to  exist  in  PC.  However, 
the  so-called  upper  and  lower  yield  points  in  PC  are  caused  by  necking, 
whereas  in  steel,  they  are  formed  by  a  different  physical  phenomenon. 
Necking  in  steel  takes  place  at  the  ultimate  stress,  which  is  higher  than 
the  upper  yield  stress.  Therefore,  the  author  believes  that  the  use  of 
PC  to  model  the  deformation  behavior  of  steel  is  unjustified,  based 
solely  upon  the  similar  shape  of  their  stress-strain  curves. 

The  tensile  properties  of  the  PC  exhibited  some  strain-rate  sensitivity 
over  the  two  decades  of  displacement  rate  at  which  the  tests  were  run. 

As  shown  in  Fig.  3,  both  the  ultimate  and  yield  stresses  increased  as 
the  displacement  rate  increased;  but,  paradoxically,  the  material  was 
stiffer  at  the  lower  rates.  The  reason  for  the  elastic  modulus  becoming 
larger  at  the  lower  rates  is  not  known,  but  experimental  error  cannot 
be  ruled  out.  Ashbaugh  found  no  rate  dependence  of  the  elastic  modulus 
for  rates  of  0.75  and  0.05  in. /min.  Over  the  range  of  strain  rate,  the 
elastic  modulus,  ultimte  stress,  and  yield  stress  varied  by  3.5,  4  and  8%, 
respectively,  from  their  average  values. 

Fracture  in  PC  took  place  when  a  diamond-shaped  surface  flaw  formed  and 
grew  until  it  intersected  a  corner  of  the  specimen,  at  which  point 
unstable  fracture  occurred.  Figure  4  is  a  photograph  of  such  a  flaw. 

These  flaws  were  thought  to  originate  at  machining  defects;  however, 


14 


LOAD  DIRECTION  T  LOAD  DIRECTION 


i 


Figure  4.  Diamond-Shaped  Flaw  in  Tensile  Specimen  (a)  Surface,  (b)  Depth.  Maximum 
surface  length  is  0.138  in.  and  is  perpendicular  to  the  tensile  axis. 


this  same  type  of  failure  mechanism  was  observed  by  Cornes,  et  al., 
who  report  that  a  narrow,  diamond-shaped  craze  (similar  in  shape  to 
that  produced  by  a  Knoop's  Hardness  Indenter)  -  120  *  17  mm  (4.7  x  0.7 
mils)  in  size,  formed  in  Merlon  M  39  PC  tensile  specimens.  These  crazes 
grow  until  they  break  down  and  a  crack  or  cavity  forms.  This  crack 
then  grows  until  unstable  fracture  takes  place.  Machining  defects  could 
still  be  responsible  for  the  flaws  in  Fig.  4,  since  they  provide  a  site 
for  craze  initiation  and  growth. 

Since  failure  in  the  tensile  tests  was  dependent  upon  the  initiation 
and  growth  of  flaws,  the  percent  elongation  of  the  specimens  was 
dependent  upon  the  location  and  severity  of  these  nascent  flaws.  Thus, 
a  wide  variation  in  elongation  was  measured  but  not  reported  in  Table  1. 
The  reduction  in  area  provided  a  much  better  measure  of  ductility  than 
elongation. 

One  three-point-bend  fatigue-crack-growth  (FCG)  test  with  R  =  0.1  was 
made  on  a  1-in. -thick  specimen.  The  crack  growth  was  in  the  T-S 
direction.  This  differs  from  most  other  FCG  data  for  PC  which  are  taken 
in  the  T-L  or  L-T  orientation.  The  crack  growth  took  plate  in  the  same 
half  of  the  thickness  as  that  in  which  the  fracture  toughness  tests 
were  conducted.  Thus,  the  lamination  halfway  into  the  plate  was  avoided. 
The  crack  length  was  measured  through  the  length  of  the  specimen  with  a 
traveling  microscope.  The  crack  was  measured  along  the  surfaces,  at 
the  quarter  points.  The  average  of  the  three  quarter  points  was  used 
as  the  crack  length. 

The  FCG  data  are  presented  in  Fig.  5.  Also  included  are  the  FCG  data 
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generated  by  Banasiak  on  the  same  sheet  of  PC  as  that  used  in  the 

present  study — but  in  the  T-L  orientation.  It  can  be  seen  that 

Banasiak's  data  are  higher  in  value  by  about  one-half  a  decade  but 

follow  the  same  trend.  His  data  are  in  good  agreement  with  those 
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published  by  Manson,  ^t  al. ,  for  PC  in  the  T-L  or  L-T  orientation. 


These  data  show  that  FCG  in  the  T-S  orientation  is  lower  than  in  the 
T-L  direction.  The  data  can  be  approximated  by  the  expression 


da/dN  =1.38  *  10  20 (AK)4-76  (8) 

where  da/dN  is  in  in. /eye.  and  AK  in  psi  /in. 

J-INTEGRAL  TEST  METHOD  AND  TEST  MATRIX 


The  J-integral  tests  were  conducted  on  three-point-bend  specimens  having 
th-  same  planer  dimensions  (see  Fig.  6),  except  for  crack  length.  Crack 
lengths  ranged  from  0.54  to  0.81  in.  and  thicknesses  of  0.125,  0.25, 

0.5,  and  1  in.  were  tested.  Specimen  crack  lengths  are  given  in  Table  2. 
Two  of  the  specimens  had  notch  lengths  of  0.25  rather  than  0.5  in.,  but 
no  influence  upon  the  fracture  behavior  was  observed.  All  specimens 
had  the  same  orientation  within  the  plate,  and  the  crack  was  grown  in 
the  thickness  direction,  T-S.  The  specimens  were  oriented  in  this  way 
in  order  to  avoid  possible  effects  of  either  the  lamination  in  the  middle 
of  the  plate  or  the  plate  surfaces.  Since  the  initial  crack  length  for 
all  specimens  was  >  0.5  in.  and  the  notches  were  machined  on  the 
same  surface  of  the  plate,  the  cracks  grew  in  essentially  the  same  r*. ■  >n 
of  the  plate  and  the  lamination  was  avoided.  The  location  of  the  speci¬ 
mens  within  the  plate  was  not  recorded.  The  specimens  were  tested  in  the 
as-machined  condition,  with  the  sides  and  ends  being  polished  to  permit 
the  crack  to  be  observed  easily. 

Typically  three  crack  lengths  and  four  thicknesses  were  tested  in  order 
to  evaluate  the  effects  oF  size  upon  the  J-integral.  Specimen  22, 
having  a  0.55-in.  crack  length  was  used  in  an  attempt  to  obtain  a 
value  according  to  ASTM  Standard  E399.  Deeply  cracked  specimens  having 
crack  lengths  greater  than  one-half  the  specimen  width  were  used  in 
order  to  obtain  crack  growth  under  large  plastic  strains.  Extreme 
difficulty  was  encountered  in  testing  specimens  thinner  than  0.125  in. 
at  the  small  loads  required. 
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Although  the  tests  were  carried  out  over  a  period  of  three  years,  no 

effect  of  test  data  on  the  experimental  results  was  observed.  The 

specimens  were  kept  in  desiccators  prior  to  the  tests,  even  though  PC 
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is  not  sensitive  to  the  humidity  of  laboratory  air. 

The  specimens  were  fatigue  precracked  on  a  300-kg  Schenck  machine, 
under  three-point  bending.  In  general,  a  span  of  2.25  in.  was  used, 
although  for  some  of  the  thinner  specimens,  a  shorter  span  was  needed. 
The  maximum  stress-intensity  factor  for  the  final  50  mils  of  precracking 
was  between  800  and  2,000  psi*/in.  for  the  specimens.  The  loading  on 
the  Schenck  machine  was  achieved  by  a  rotating  shaft  and  an  adjustable 
eccentric, set  for  a  given  maximum  displacement. 

The  J-integral  tests  were  conducted  in  a  screw-driven  Instron  machine 
which  controlled  the  displacement  rate  of  the  center  tup  of  the  three- 
point-bend  loading  fixture.  A  clip  gage,  attached  to  the  bottom  of  the 
specimen  across  the  crack  mouth,  was  used  to  measure  the  crack-mouth 
opening.  The  clip  gage  had  a  small  spring  force  to  minimize  the  appli¬ 
cation  of  any  additional  loading — especially  to  the  thinner  specimens. 
The  base  and  rollers  of  the  fixture  and  the  tup  were  made  of  steel. 

Two  LVDT's,  one  on  each  side  of  the  specimen,  measured  the  load-point 
displacement,  i.e.,  the  relative  displacement  between  the  tup  and  the 
rollers.  The  LVDT  body  was  attached  to  an  aluminum  support  bar  which 
rested  on  the  rollers,  and  the  spring-loaded  plunger  of  the  LVDT  con¬ 
tacted  the  base  of  the  tup. 

Although  the  crack-mouth  opening  (COD)  was  measured  during  the  test  as 
a  function  of  load,  these  data  did  not  provide  significant  insight  in 
this  investigation.  Generally  the  amount  of  plasticity  was  too  great 
for  obtaining  meaningful  values.  The  COD  appeared  to  follow  an 
approximately  linear  relationship  with  the  load-point  displacement. 

Excellent  alignment  of  the  specimen  in  the  test  fixture  was  obtained 
by  use  of  two  plexiglas  plates.  Each  plate  had  two  holes  which  fitted 
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on  bases  at  the  end  of  the  rollers.  A  line  was  scribed  on  the  plates, 
equi-distant  from  these  holes.  By  sighting  down  the  lines,  the  tup  and 
the  crack  in  the  specimen  could  be  positioned  evenly  between  the  rollers. 

All  tests  were  conducted  at  a  displacement  rate  of  0.02  in. /min.  A  single 

rate  was  used  in  order  to  avoid  introduction  of  the  effect  of  strain  rate 

into  the  data  base.  This  rate  was  chosen  because  it  permitted  the  crack 

growth  to  be  photographed  manually.  A  rate  faster  than  0.05  in. /min. 

would  have  prohibited  manual  photography.  In  addition,  Parvin  and 
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Williams  found  no  difference  in  the  fracture  properties  for  rates 

of  0.5  and  0.05  cm/min.(0.2  and  0.02  in. /min.). 

Data  obtained  during  the  test  included  load  vs.  time,  load-point  dis¬ 
placement  vs.  load,  and  COD  vs.  load  as  well  as  photographs  of  the  crack 
front  as  the  test  progressed.  The  load  at  which  each  photograph  was 
taken  was  marked  on  the  load-vs .-time  record  as  the  test  progressed. 


The  value  of  the  J-integral  was  calculated  using  a  formula  for  a  three- 

9 

point-bend  specimen  with  a  fully  plastic  remaining  ligament 


(9) 


where  A  is  the  area  under  the  load-displacement  curve,  B  is  the  thickness; 

and  b  is  the  remaining  ligament.  It  has  been  shown  by  Landes,  et  al.,^ 

that  Eq.  (9)  is  accurate  to  within  a  few  percent  for  an  elastic  ligament 
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and  by  Ernst,  £t  al_. ,  that  it  agrees  well  with  more  detailed  calcula¬ 
tions  which  take  into  account  the  effect  of  crack  growth  upon  the  value 
of  J.  The  area  under  the  load-displacement  curve  was  measured  by  means  of 
a  digitizing  board  connected  to  a  minicomputer.  A  trapezoidal  integration 
formula  was  programmed  into  the  minicomputer  for  computing  the  area. 


CRACK-LENGTH  MEASUREMENT 


The  crack  was  photographed  using  a  35-mm  single-lens  reflex  camera 
equipped  with  either  a  135-mm  or  a  200-mm  telephoto  lens,  a  bellows 


extension,  and  a  tripod.  This  setup  gave  a  magnification  of  approximately 
one.  (The  effective  focal  length  was  not  measured.)  The  shutter  and  film 
advance  were  operated  manually,  which  resulted  in  occasional  shaking  of 
the  camera.  The  film  used  was  either  Kodak  Panatomic-X  print  film,  ASA  32, 
or  Kodak  Direct  Positive  Panchromatic  5246  slide  film,  ASA  64.  Both  films 
are  black  and  white  and  contain  36  exposures  per  roll. 

Two  methods  of  viewing  the  crack  were  employed.  In  the  first  method,  the 
crack  was  viewed  through  the  length  of  the  specimen,  with  illumination 
from  the  opposite  end  of  the  specimen.  This  method  was  used  for  all  but 
four  of  the  tests — Specimens  10,  12,  15,  and  21.  The  method  had  the 
disadvantage  that  two  images*  of  the  crack  front  were  produced.  In  the 
second  method,  the  crack  was  viewed  such  that  the  line-of-sight  of  the 
camera  formed  a  45-deg.  angle  with  the  side  of  the  specimen.  The  crack 
was  illuminated  by  a  light  source  on  each  side  of  the  specimen.  The 
sources  were  located  in  such  a  way  that  a  line  between  them  passed  through 
the  plane  of  the  crack  and  was  perpendicular  to  the  line-of-sight  of  the 
camera.  The  material  did  not  exhibit  a  double  image  when  viewed  in  this 
manner . 

A  high- intensity  white  light  was  used  for  illumination.  Color  separation 
of  the  light  by  the  cracked  PC  specimen  was  not  observed  in  the  view¬ 
finder;  therefore,  no  attempt  was  made  to  use  monochromatic  light  since 
it  would  not  have  sharpened  the  image  appreciably.  A  cursory  attempt 
was  made  to  use  polarized  light  by  placing  a  polarizing  filter  between 
the  light  source  and  the  specimen;  however,  no  improvement  in  image 
quality  was  observed. 

The  film, after  development,  was  mounted  into  slide  holders  and  projected 
onto  paper  taped  to  a  flat  surface.  The  image  of  the  crack  was  traced 
onto  the  paper  and  the  amount  of  crack  growth  was  measured  from  the  tracing. 
This  procedure  magnified  the  crack  about  17  times,  which  minimized  measure¬ 
ment  errors.  It  also  provided  a  hardcopy  record  of  the  crack.  For  one 

*The  formation  of  two  images  of  the  crack  front  was  thought  to  be  the 
result  of  the  birefringent  property  of  the  material. 
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of  the  specimens,  positive  prints  having  a  magnification  of  about  six 
were  used  for  the  measurements.  As  the  image  of  the  crack  was  being 
traced  onto  the  paper,  decisions  were  made  as  to  which  features  could 
be  attributed  to  the  machine  notch,  precrack,  crack  tip,  and  crack  sides. 
When  two  features  might  be  attributable  to  the  precrack  or  crack  tip, 
both  features  were  traced  and  a  final  decision  made  when  the  crack  length 
had  been  measured  from  the  tracing. 

The  crack  length  was  measured  at  the  three  quarter  points — one-fourth, 

one-half,  and  three-fourths — of  the  specimen  thickness.  It  was  not 

possible  to  measure  the  surface  crack  lengths  because  usually  they  could 

not  be  seen.  The  average  of  these  three  quarter  points  was  used  as  the 

crack  length.*  An  eight-point  average,  as  recommended  in  the  ASTM 

14 

standard  now  under  development  for  the  measurement  of  J^,  was  not  used 
because  it  was  too  laborious.  Since  each  of  the  13  tests  (no  photographs 
were  taken  in  one  of  the  14  tests)  produced  an  average  of  20  photographs, 
use  of  the  eight-point  average  would  have  required  2,340  measurements  as 
opposed  to  the  780  required  by  the  three-point  average.  Also,  it  was 
felt  that  the  use  of  the  eight-point  average  would  not  alter  the  results 
significantly. 

To  calibrate  the  size  of  each  image,  a  feature  in  the  photograph  having 
a  known  length  was  measured.  When  the  crack  was  viewed  through  the 
length,  the  breadth  of  the  crack  (which  is  the  specimen  thickness), the 
machine  notch,  or  the  precrack  was  used.  When  the  crack  was  viewed  from 
the  side,  the  length  of  the  machine  notch,  excluding  the  angled  portion, 
was  used. 


*In  some  of  the  thinner  specimens,  the  shear  lips  became  sufficiently 
large  that  the  one-fourth  and  th ree- fourths  points  contained  the  shear 
lips.  When  this  situation  arose,  onlv  the  one-half  point  was  used  to 
determine  crack  length.  To  include  the  shear  lips  in  the  crack  length 
would  have  resulted  in  lower,  unrealistic  values  of  Aa  because  the  value  of 
Aa  which  contained  the  shear  lips  would  be  less  than  a  previous  value  of 
Aa  which  did  not.  This  previous  value  of  Aa  did  not  contain  shear  lips 
because  they  were  not  yet  sufficiently  large  to  intersect  the  one-fourth 
or  three-fourths  points. 
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Two  methods  were  used  to  determine  the  amount  of  crack  growth.  In  the 
first  or  "absolute"  method,  the  actual  distance  between  the  precrack 
and  the  crack  tip  was  measured.  Use  of  this  method  required  identifica¬ 
tion  of  the  precrack  and  crack  tip  in  the  photograph.  In  the  second  or 
"relative"  method,  the  amount  of  crack  growth  was  determined  by  sub¬ 
tracting  the  current  length  of  the  crack  from  the  initial  length.  The 
initial  crack  length  was  calculated  by  averaging  the  crack  lengths  in 
the  first  few  photographs  before  the  initiation  of  crack  growth.  The 
"relative"  method  was  used  when  the  precrack  could  not  be  positively 
identified  in  the  photographs.  A  method  was  used  to  measure  the  "rela¬ 
tive"  amount  of  crack  growth  for  Specimens  14,  22,  and  24  only.  The 
"relative"  method  was  used  on  specimens  measured  by  the  "absolute" 
method;  the  results  were  essentially  the  same. 

The  major  problem  associated  with  measuring  the  crack  involved  interpre¬ 
tation  of  the  features  in  the  photographs.  No  interpretation  was 
completely  satisfactory  for  all  the  tests.  The  principal  difficulties 
involved  identification  of  craze,  birefringence,  and  "halos." 

The  craze  zone  ahead  of  the  crack  tip  presented  a  problem  in  the  optical 
measurement  of  the  crack  length.  Since  the  optical  properties  of  the 
craze  are  different  from  those  of  the  bulk  PC  and  the  crack,  an  image 
of  the  craze  would  be  expected  in  the  photographs.  In  the  photographs 
taken  from  the  side,  three  distinct  regions  could  be  identified  (Fig.  7). 
The  presence  of  such  regions  in  the  photographs  taken  through  the  length 
was  obscured  by  birefringence  of  the  image  (Fig.  8).  As  can  be  seen  in 
Fig.  7,  the  dark  region  of  the  crack  growth  ahead  of  the  long  fatigue 
precrack  region  contained  ridges  similar  to  those  in  the  precrack  region. 
Ahead  of  the  dark  region  there  was  a  featureless  region  which  was 
assumed  to  be  the  craze  zone.  The  craze  length  and  growth  determined  by 
this  subdivision  were  reasonable.  However,  this  interpretation  of  the 
craze  zone  was  never  verified. 

When  the  specimen  was  viewed  through  the  length,  two  images  of  the  crack 
were  observed.  These  images  were  polarized  at  90°  to  each  other  because 
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CRACK 

ADVANCE 


Figure  7.  Photograph  of  Crack  and  Craze  Regions 

through  the  Side  (Specimen  10,  load  17  lb.). 
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Figure  8.  Photograph  of  Crack  and  Craze  Region  through 
the  End  of  Specimen  6; (load  =  69  lb.)-  Area 
A  contains  growing  crack  and  craze  region. 
Area  B  is  ridge  connecting  two  portions  of 
precrack  which  grew  on  different  planes. 
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of  the  birefringence  in  the  PC  direction  of  crack  growth.  Polarization 
of  the  images  was  not  consistent.  The  top  images  of  the  precrack  and 
crack  sometimes  had  the  same  angle  of  polarization  and  sometimes  were 
90°  apart.  Therefore,  the  use  of  a  polarizer  between  the  specimen  and 
the  camera  was  not  possible.  The  distance  between  the  two  images  was 
17  mils  or  less.  The  crack  length  was  measured  by  averaging  the  distance 
between  the  two  images. 

When  the  crack  was  viewed  through  the  length,  features  called  "halos" 
appeared  above  the  crack  front.  These  features  were  white  bands  of  light 
and  contained  no  details  of  the  fracture  surface.  Under  low  loads,  a 
halo  would  appear  and  grow  prior  to  crack  growth,  crack  growth  being 
defined  as  an  image  ahead  of  the  precrack  containing  details  of  a 
fracture  surface.  The  halo  remained  ahead  of  the  growing  crack.  Thus, 
the  halo  could  be  interpreted  as  the  craze  because  it  was  featureless. 

For  large  crack  growth,  two  or  three  sets  of  halos  were  sometimes  present. 
Their  cause  was  not  known.  To  interpret  them  as  crack  extensions  would  have 
led  to  unreasonably  large  increments  of  crack  growth;  therefore,  they  were 
ignored  in  making  crack-growth  measurements. 

Figures  9  and  10  are  sequences  of  photographs  showing  the  growth  of  the 
crack  as  observed  through  the  end  and  through  the  side  of  the  specimen, 
respectively.  Features  of  these  sequences  of  photos  have  been  discusaed 
previously  with  respect  to  Figs.  7  and  8. 


Figure  9.  Series  of  Photographs  (Positive  Images)  Showing  Crack  Growth  Observed  through  the  End  of 
Specimen  6.  (a)  no  load,  (b)  42  lb.,  J  =  8.5  psi-in.,  (c)  53  lb.,  J  =  14.4  psi-in., 

(d)  65  lb.,  J  =  23.6  psi-in.,  (e)  73  lb.,  J  =  32.1  psi-in.,  (f)  76  lb.,  J  =  37.7  psi-in. 
(g)  74  lb.,  J  =  41.7  psi-in.;  at  pop-in  (h)  55  lb.,  J  =  42.9  psi-in. 


8.8-lb.  load,  J  = 
(g)  19.8-lb.  load 
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SECTION  3 

RESULTS  AND  DISCUSSION 

LOAD-DISPLACEMENT  BEHAVIOR  OF  THE  SPECIMEN 


In  this  section  the  load-displacement  behavior  of  the  three-point-bend 
specimens  is  discussed.  Typical  load-displacement  behaviors  of  the  PC 
are  illustrated  in  Fig.  11.  Load-displacement  curves  (P-6)  for  each  of 
the  specimens  can  be  found  in  Appendix  A.  In  all  specimens  the  crack 
began  to  grow  before  the  maximum  load  was  reached. 


The  compliance  of  each  specimen  and  the  maximum  load  in  each  test  are 

4  3 

given  in  Table  3.  Also  included  is  the  Green  and  Hundy  limit  load 
and  the  value  of  the  quantity  R  ^ »  defined  in  ASTM  Standard  E399  for 
measuring  K^.  The  Green  and  Hundy  limit  load,  P  ,  is  given  by 
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and  the  value  R  ,  bv 
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where  is  the  yield  strength,  B  the  thickness,  b  the  remaining  ligament, 

P..  the  maximum  load,  and  W  the  width.  P,  is  the  maximum  load  that  can  be 
M  L 

sustained  by  a  cracked  three-point-bend  specimen  with  a  span  of  4  in.  It 

is  based  upon  the  formation  of  a  plastic  hinge  and  the  assumption  that 

crack  growth  does  not  occur.  R  ,  is  the  ratio  of  maximum  load  to  the 

sb 

load  predicted  from  a  beam  analysis  when  the  maximum  stress  is  .  When 
Rgk  is  equal  to  one,  the  outer  fibers  of  the  bend  specimen  are  assumed 
to  be  at  the  yield  point. 


As  Table  3  shows,  the  maximum  load  based  upon  the  initial  ligament  length 
is  always  less  than  the  Green  and  Hundv  limit  load  because  crack 


DISPLACEMENT 


Figure  11.  Typical  Load-Displacement  Curves:  A  -  Thick  Specimens, 

B  -  Specimens  of  Intermediate  Thickness  and  Crack 
Length;  C  -  Thin  Specimens  having  Short  Crack  Lengths; 
D  -  Thin  Specimens  having  Long  Crack  Lengths. 
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growth  takes  place  before  the  maximum  load  is  reached  and  thus  prevents 

the  theoretical-limit  load  from  being  reached.  The  value  of  R  ,  is 

sb 

always  greater  than  one.  This  value  indicates  that  the  specimen  yielded 
before  the  maximum  load  was  reached.  The  amount  of  plasticity  present 
at  the  maximum  load  was  a  function  of  crack  depth.  As  shown  in  Fig.  12, 
the  deeply  cracked  specimens  exhibited  greater  plasticity  and  more  closely 
approached  the  theoretical -limit  load  than  the  specimens  with  more  shallow 
cracks.  Surprisingly,  with  the  exception  of  Specimen  15,  there  was  no 
effect  of  thickness  upon  the  amount  of  plasticity  at  the  maximum  load — 
only  upon  the  type  of  fracture  behavior  observed,  which  will  be  discussed 
shortly. 

Also  included  in  Table  3  is  the  load  required  for  R  to  equal  one.  This 
load  is  the  nominal  elastic  limit  of  the  specimen  and  will  be  used  in  a 
section  in  conjunction  with  the  crack-growth  data. 

The  P-6  curves  exhibit  four  types  of  fracture  behavior — unstable  (Curve 
A  in  Fig.  ll)tpop-in  at  maximum  load  and  thereafter  stable  (Curve  B) , 
pop-in  before  maximum  load  and  thereafter  stable  (Curve  C) ,  and  stable 
with  no  pop- in  (Curve  D) .  For  unstable  fracture  the  crack  advance 
becomes  unstable  and  the  specimen  fractures,  with  one  or  two  halves 
flying  out  of  the  testing  machine.  This  behavior  generally  was  exhibited 
by  the  1- in. -thick  specimens.  Unstable  crack  extension  characterized 
by  pop-in  at  maximum  load  appears  to  be  the  same  process  as  fracture 
except  that  crack  arrest  takes  place.  Once  the  crack  arrests,  further 
crack  growth  is  stable.  This  type  of  behavior  occurred  in  the  0.5-  and 
0.25- in. -thick  specimens.  Pop-in  can  occur  before  the  maximum  load  is 
reached.  After  pop-in,  the  load  continues  to  rise  smoothly  through  the 
maximum  load.  This  behavior  occurred  in  the  0.5-  and  0. 25-in. -thick 
specimens  having  the  shortest  crack  lengths.  Finally,  some  of  these 
thick  specimens  having  the  longest  cracks  exhibited  a  smooth  P-6  response 
such  as  that  which  occurs  in  ductile  metals.  The  type  of  fracture 
behavior  relative  to  each  specimen  is  given  in  Table  2. 
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Figure  12.  Estimates  of  Extent  of  Yielding  in  Specimens 
at  Maximum  Load. 


The  pop-in  phenomenon  was  associated  with  rapid  crack  growth.  The 

crack  front  would  advance  rapidly  and  then  arrest.  In  Specimen  6, 
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66  mils  of  growth  took  place  during  pop-in.  Key  and  Katz  studied  the 
pop-in  behavior  of  PC.  The  crack-growth  behavior  which  they  report  was 
similar  to  that  observed  in  the  current  experiments.  However,  the 
criterion  for  pop-in  is  a  function  of  both  the  thickness  and  the  crack 
length,  as  the  present  study  shows.  The  criterion  is  not  dependent  upon 
thickness  alone. 

CRACK-GROWTH  BEHAVIOR 

Crack  growth  as  a  function  of  load  was  determined  from  the  photographs 
and  as  a  function  of  J  through  Eq.  (9).  For  Specimens  10,  12,  15,  and 
21,  crack  length  and  craze  length  were  determined  from  the  photographs. 

A  composite  of  all  the  data  for  crack  growth  as  a  function  of  J  has  been 
plotted  using  linear  coordinates  in  Fig.  13.  Tables  and  plots  of  crack 
growth  vs.  J  for  each  specimen  can  be  found  in  Appendix  B. 

A  linear- regression  line  for  each  set  of  data  was  determined  for  J  vs. 
crack  growth  when  crack  growth  was  6  mils  or  greater,  as  long  as 
subsequent  growth  was  also  greater  than  6  mils.  This  has  been  recommended 
as  the  lower  bound  per  a  proposed  ASTM  standard  for  crack-growth  data  for 
to  be  fit  in  a  least-square-error  sense.  The  equation  to  which  the 
data  were  fit  is 

J  =  mAa  +  b  (12) 

where  Aa  is  in  mils.  The  slope,  m,  and  the  J-intercept,  b,  of  the  best- 
fit  line  for  each  specimen  are  given  in  Table  2. 

The  measured  values  of  the  craze  length  had  a  maximum  of  about  7  mils, 

except  for  Specimen  15  which  had  a  maximum  value  of  40  mils.  The  value 

29 

of  7  mils  is  almost  twice  the  4  mils  reported  by  Fraser  and  Ward,  but 
it  is  of  the  correct  order  of  magnitude.  The  large  value  of  40  mils  in 
the  case  of  Specimen  15  occurred  after  a  J  of  40  psi-in.  had  been  exceeded. 
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As  can  ben  seen  from  Fig.  13,  the  crack  growth  is  a  non-linear  function  of 
J.  For  small  amounts  of  crack  growth,  J  rises  rapidly  with  Aa.  As 
the  amount  of  crack  growth  increases,  J  rises  less  sharply.  Experimental 
data  exhibiting  the  behavior  of  the  predicted  blunting  line  [Eq.  (5)] 
were  not  observed.  This  lack  of  blunting  is  due  in  part  to  the  inability 
to  resolve  such  small  distances  (  <1  mil)  but  is  caused  mainly  by  the 
presence  of  a  craze  ahead  of  the  crack  tip.  The  craze  obscured  the 
blunted  crack  tip  and  was  also  responsible  for  the  finite  amount  of  crack 
extension  observed  at  low  values  of  J. 

In  the  composite  plot  on  Fig.  13,  the  wide  scatter  band  was  produced  by 
data  from  all  but  two  specimens.  These  two  are  called  "outlier"  specimens 
(Nos.  14  and  22).  The  data  from  the  specimens  forming  this  scatter  band  can 
be  divided  into  two  groups,  based  upon  the  crack-growth  data  of  Specimens 
10,  12,  15,  and  21  in  which  both  a  crack  and  a  craze  portion  could  be  identi¬ 
fied.  The  data  from  the  other  specimens  followed  either  the  crack-growth  or 
the  crack-plus-craze  growth  behavior  of  these  specimens,  as  shown  in  Figs. 

14  and  15,  respectively.  The  data  which  were  best  associated  with  the  crack 
growth  or  crack  growth  plus  craze  length  were  identified  in  Table  2.  Neither 
thickness  nor  initial  crack  length  appeared  to  have  an  influence  upon  this 
association.  This  interpretation  of  the  data  is  probably  due  to  the  photo¬ 
graphic  methods  and  lighting  which  were  used  for  the  test. 

The  term  "outliers"  which  has  been  used  to  identify  two  specimens.  Nos.  14 
and  22,  is  for  descriptive  purposes  only  and  is  not  meant  to  have  any  statis¬ 
tical  implications.  The  crack-growth  behavior  of  each  of  these  specimens 
was  unlike  that  of  any  other  specimen.  Specimen  14  exhibited  an  increase 
in  J  from  20  to  37  psi-in.  without  a  corresponding  increase  in  crack 
growth.  This  discontinuous  behavior  is  extremely  unusual  and  was  not 
observed  in  any  other  test.  In  addition,  the  test  condition  of  Specimen 
14  was  duplicated  in  the  case  of  Specimen  21.  While  Specimen  21  did  not 
exhibit  the  behavior  of  Specimen  14,  its  crack  growth  was  similar  to 
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CRACK  GROWTH  (MILS) 


Figure  13.  Master  Plot  of  J  as  a  Function  of  Apparent  Crack  Growth 
(some  of  the  data  may  include  craze  length) . 


The  craze  had  grown  slowly  up  to  this  point,  but  afterwards  grew  rapidly. 
The  reason  for  this  behavior  is  not  known.  In  the  other  three  specimens 
(10,  12,  21),  the  craze  length  remained  constant  for  the  duration  of  the 
test . 

Due  to  the  fatigue-precracking  procedure,  a  craze  had  formed  ahead  of  the 

crack  tip.  (The  process  of  fatigue-crack  growth  in  polymers  involves  such 
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formation,  as  discussed  by  Hertzberg  and  Manson.  )  As  the  specimen 
was  being  loaded  in  the  fracture  tests,  this  craze  opened  up  and  gave  the 
appearance  of  crack  growth.  This  craze  behavior  was  probably  responsible 
for  the  small  amounts  of  crack  growth  recorded  at  low  values  of  J. 


An  attempt  was  made  to  apply  the  Dugdale  Model  to  the  prediction  of 
craze  length.  Since  the  model  is  derived  for  the  center-cracked-panel 
geometry,  it  was  necessary  to  modify  it  for  the  three-point-bend  speci¬ 
men.  This  modification  was  made  by  recognizing  that  for  small  plastic 
zones,  the  Dugdale  yield-zone  length,  s,  is  equivalent  to 


s 


(13) 


By  substitution  of  the  relation  between  K  and  J,  Eq .  (3b),  into  Eq .  (13), 


s 


1-  v 


J 


(14) 


it  is  evident  that  s  and  J  are  linearly  related.  Using  the  ultimate 
stress  of  9380  psi  for  o^,  Eq .  (14)  becomes 


s  =  1.15  J  (15) 

where  s  is  in  mils.  Equation  (15)  predicts  the  craze  length  up  to 
7  mils,  or  a  J  of  6.1  psi-in.,  reasonably  well.  Above  this  value  of  J, 

Eq.  (15)  predicts  a  longer  craze  length  than  observed.  Near  this  value 
of  J,  crack  growth  begins,  and  it  is  questionable  whether  the  model  is 
still  applicable.  It  also  appears  that  with  the  exception  of  Specimen  15, 
the  maximum  craze  length  observed  experimentally  in  PC  is  around  7  mils. 
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that  in  the  other  tests.  Since  the  load-displacement  record  of  Specimen 
14  was  similar  to  that  of  Specimen  21,  the  problem  associated  with 
Specimen  14  could  be  due  to  the  measurement  of  crack  growth.  The  photo¬ 
graphs  of  Specimen  14  were  badly  overexposed  and  out  of  focus,  making 
identification  of  the  precrack  and  the  crack  tip  extremely  difficult. 

As  a  consequence,  the  fracture  and  crack-growth  criteria  calculated  for 
Specimen  14  will  not  be  used  to  characterize  the  behavior  of  PC. 

In  Specimen  22,  large  values  of  J  were  required  to  produce  small  amounts 
of  crack  growth.  In  all  of  the  other  specimens,  such  values  of  J  were 
associated  with  larger  amounts  of  crack  growth.  The  difference  in  crack 
growth  was  ~  10  mils.  This  large  amount  of  growth  cannot  be  ascribed  to 
random  errors.  For  some  reason, ten  mils  of  crack  growth  was  not  observed 
in  the  photographic  process.  Of  these  ten  mils,  seven  may  be  due  to 
the  absence  of  a  craze  in  the  photographs.  The  source  of  the  remainder 
of  the  discrepency  is  not  known,  although 
possible. 

The  question  which  arises  with  respect  to  Specimen  22  is  whether  the 
measured  crack-growth  behavior  is  true  material  behavior  or  due  to  un¬ 
known  photographic  error.  Consequently,  the  fracture  and  crack-growth 
criteria  applied  to  Specimen  22  will  not  be  used  in  characterizing  the 
behavior  of  PC. 

The  initiation  of  crack-growth  in  relation  to  the  overall  deformation 
of  the  specimen  is  an  important  aspect  of  the  crack-growth  behavior  of 
PC.  The  quantity  R  ^  [Eq.  (11)],  as  discussed  previously,  describes 
the  upper  limit  of  the  elastic  behavior  of  the  specimen.  The  load 
required  to  make  R  ^  equal  to  one  has  been  given  in  Table  3  and  indi¬ 
cates  that  the  outer  fibers  of  the  specimen  are  at  the  yield  point 
The  amount  of  crack  growth  which  occurred  up  to  these  loads  was 
between  2  and  9  mils.  Some,  but  not  all,  of  this  crack  growth  is  due 
to  craze  formation.  This  means  that  the  crack  initiates  and  grows  a 
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small  amount  when  the  specimen  is  nominally  elastic.  However,  the 
majority  of  crack  growth  takes  place  when  the  specimen  is  in  the  elasto- 
plastic  and  fully  plastic  regimes. 


Since  the  crack-growth  behavior  of  PC  was  non-linear,  an  attempt  was 
made  to  linearize  it  by  using  logarithmic  coordinates.  Plots  of  J  vs. 
crack  growth  using  log-log  coordinates  are  given  in  Appendix  B. 
Generally,  these  data  seemed  to  be  closer  to  a  straight  line  than  when 
plotted  using  Cartesian  coordinates.  This  behavior  suggests  an  exponen¬ 
tial  relation  between  J  and  Aa  of  the  form 


J  =  C(Aa)m  (16) 

where  C  and  m  are  material  constants.  Again,  only  data  having  Aa  > 6 
mils,  where  all  subsequent  growth  was  greater  than  6  mils,  were  used 
in  the  linear- regression  fit.  The  values  of  the  slope,  m,  and  the 
intercept,  log^Q  C,  are  given  in  Table  2  for  each  specimen. 

Let  Jinit  be  tbe  value  of  J  at  the  intersection  of  the  blunting  line, 

[Eq.  (5),]  and  the  exponential  relation  between  J  and  Aa,  [Eq.  (16).]  Then 
the  material  constant  C  can  be  calculated  as 


C  =  (2°f)m(Jinit)1_m 

and  the  crack  growth  behavior  can  be  written  as 
J. 


Aa  = 


mit 
2a  , 


1/m 


init 


(17) 


(18) 


The  symbol  J  is  not  to  be  interpreted  in  the  same  way  as 

J^c  is  associated  with  a  specific  method^  for  determining  J  at  the 

beginning  of  crack  growth,  and  is  the  subject  of  an  ASi'M  standard. 


Since  the  exponential  relation  between  J  and  Aa  can  be  used  to  fit  PC 
reasonably  well,  crack-growth  data  for  other  materials  were  gathered 

1 6~  2  5 

to  determine  whether  they  would  follow  this  relation.  Data  from  Paris 
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18  15 

on  5083-0  aluminum,  from  Shih,  et  al. ,  and  Clarke  on  A533B  steel,  from 

18  20 
Berger  on  Ni-Cr-Mo  steel,  from  Joyce  and  Gudas  on  Ti-7Al-2Cb-lTa 

titanium,  and  from  Griffis  and  Yoder"'"*”*  on  7005-T6351  aluminum  were  examined 
to  determine  whether  they  obeyed  this  relation.  These  data  were  plotted 
using  both  logarithmic  and  linear  coordinates,  as  shown  in  Appendix  C. 

The  non-linear  crack-growth  behavior,  when  plotted  using  linear  coordinates, 
is  linearized  by  the  logarithmic  coordinates  for  all  the  materials  except 
one.  This  linearization  is  most  dramatic  for  5083-0  aluminum  and  A533B 
steel.  It  is  of  interest  to  note  that  the  data  for  the  A533B  steel  are 
from  both  analytical  calculations  by  Shih,  ££  al . ,  and  experimental 
results  by  Clarke  and  that  both  groups  of  data  fit  the  exponential  rela¬ 
tion.  The  only  material  which  did  not  follow  this  relation  was  the 
7005-T6351  aluminum.  This  material  followed  a  linear  relation  quite 
well . 

This  linearization  of  the  resistance  curve  using  logarithmic  coordinates 

20-21 

has  been  observed  elsewhere.  Takahashi,  et^  al . ,  have  reported  that 

this  crack-growth  behavior  for  a  variety  of  alloy  steels  can  be  normalized 
to  a  single  line  with  coordinates  of  log  J/J^  vs.  log  Aa/Aa.^.  The  sub¬ 
script  "i"  stands  for  initiation  and  was  measured  at  a  crack  extension  of 

22 

0.2  mm  (0.008  in.)  Carlson  and  Williams  found  that  crack-growth  data 
for  ASTM  A533  steel  followed  an  exponential  relation,  Eq.  (16),  better 
than  a  linear  relation,  Eq.  (12).  They  used  this  exponential  relation 
to  determine  a  Jj.^,  value  which  was  in  good  agreement  with  the  experi¬ 
mental  observations. 

The  conclusion  to  be  drawn  from  these  observations  is  that  there  appear 
to  be  two  types  of  crack-growth  behavior.  One  is  a  linear  relation 
between  J  and  Aa,  and  the  other  is  an  exponential  relation. 

Photographs  of  representative  fracture  surfaces  are  shown  in  Fig.  16. 

Fast  fracture  to  .  place  in  the  wide  specimen  No.  2,  whereas  stable 
crack  growth  without  pop- in  occurred  in  the  narrow  specimen,  No.  14. 

In  both  cases,  the  crack  grew  in  the  center  and  was  pinned  at  the  edges, 
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Figure  16.  Fracture  Surfaces:  (a)  Specimen  2,  1-in.  thick:  (b)  Specimen  14,  1/8-in.  Thick. 

A  and  B  are  the  machined  notch,  with  B  being  at  a  45-deg.  angle.  C  is  the  fatigue 
precrack.  Two  different  morphologies  at  C  represent  two  different  loads.  D  is  the 
(.rack-growth  portion  and  E  the  final  fracture.  F  is  the  shear  lip  and  is  shown 
in  (b). 


producing  a  bowed  crack  front.  The  edges  would  eventually  separate, 
leaving  a  shear  lip.  This  lip  is  quite  apparent  in  the  narrow  0. 25-in. - 
thick  specimen.  In  the  0. 125-in. -thick  specimens,  the  crack  front 
would  be  forced  to  a  "V"  shape  by  the  shear  lips.  In  the  1-in. -thick 
specimen  shown  in  Fig.  16,  the  shear  lips  have  not  yet  grown  across  the 
crack  front  when  fracture  occurred. 

FRACTURE  CRITERIA 


In  this  section,  criteria  for  characterizing  the  fracture  behavior  of 
PC  are  developed  and  discussed.  These  criteria  are  based  upon  two 

v 

approaches.  The  first  attempts  to  find  a  single  value  of  J  which 
describes  the  fracture  toughness  of  PC,  and  the  second  attempts  to 
describe  the  crack-growth  behavior  of  PC  in  order  to  determine  whether 
stable  or  unstable  crack  growth  will  take  place  in  a  structure. 

The  data  base  used  to  calculate  the  fracture  criteria  is  made  up  of 
data  from  all  of  the  PC  tests  except  those  on  Specimens  14  and  22. 

The  crack-growth  behavior  of  these  specimens  was  excluded  because  it 
may  be  the  result  of  photographic  error  instead  of  true  material  behavior 
as  discussed  in  the  previous  subsection.  The  crack-growth  data  for 
Specimens  10,  12,  15,  and  21  were  divided  into  crack-growth  and  craze- 
growth  groups.  Only  the  crack-growth  portion  is  used  for  fracture 

26 

criteria  because  the  craze  zone  is  not  a  crack  and  can  support  load. 

Use  of  the  craze-plus-crack-length  results  in  unreasonable  values  for 
some  of  the  fracture  criteria. 

In  order  to  find  a  single  value  of  J  which  would  characterize  the 
fracture  toughness  of  PC,  an  attempt  was  first  made  to  find  the  value 
of  J  at  the  initiation  of  crack  growth,  ^  .  This  value  has  been 
used  extensively  in  the  literature  for  fracture  toughness  and  is  denoted 
by  JTr.  An  ASTM  standard  is  being  developed  for  its  measurement.  It 

iw 

corresponds  to  the  linear-elastic  fracture  toughness,  K^. 


Since  the  PC  data  followed  an  exponential  relation  reasonably  we]l, 

this  relation  was  used  to  determine  a  value  for  J.  .  .  Thus,  the  inter¬ 
mit 

section  of  the  crack-growth  line,  Eq .  (16)  with  the  blunting  line, 

Eq.  (5),  was  calculated.  The  values  of  J.  .  determined  by  this  method 

mit 

ranged  from  near  zero  to  4.0  psi-in. ,  as  shown  in  Table  4.  These  small 

values  of  J  at  this  intersection  are  due  to  the  similarity  in  slopes 

of  the  crack-growth  and  the  blunting  lines.  The  slope  of  the  blunting 

line  is  unity  using  logarithmic  coordinates.  1/hen  the  slope  of  the 

crack-growth  line  approaches  unity,  the  two  lines  are  approximately 

parallel  and  intersect  at  very  small  values  of  J.  From  the  slopes  of 

the  crack-growth  lines,  Table  2,  it  can  be  seen  that  when  the  slope  is 

near  one,  the  value  of  J.  determined  bv  this  method  is  very  small. 

mit  ' 

Consequently,  this  is  not  a  suitable  method  for  determining  the  value 

of  J.  .  for  PC.  This  method  may  be  suitable  for  other  materials  if 
mit 

the  slope  of  the  crack-growth  line  is  not  near  the  slope  of  the  blunting 
line. 

Since  an  exponential  relation  failed  to  yield  an  accurate  value  of  J.  .  , 

the  linear  relation  of  Eq.  (11)  was  applied.  Intersection  of  the 

linear-regression  fit,  Eq.  (12),  with  the  blunting  line,  Eq.  (5),  was  to 

be  the  value  of  J  ^  .  [Since  the  blunting  line  was  nearly  vertical,  the 

value  of  the  y-intercept,  b,  in  Eq.  (12)  was  actually  used  for 

This  method  of  determining  J  nearly  identical  to  the  method  used 

to  find  in  the  standard  being  developed  by  ASTM.  The  values  of 

J,  .  resulting  from  this  linear  regression,  as  given  in  Table  4,  range 
init 

from  3  to  18  psi-in.,  with  an  average  of  9.5  and  standard  deviation  of 

3.7  psi-in.  denoted  by  9.5  ±  3.7  psi-in.  Due  to  thickness  or  crack 

length  no  influence  can  be  noted  in  J.  .  . 

mit 

To  determine  whether  the  value  of  J.  .  from  the  linear  regression  could 

mit 

be  used  as  an  indicator  of  the  initiation  of  crack  growth,  a  value  of  J 

was  estimated  by  examining  the  crack-growth  data  to  identify  the  initiation 

of  crack  growth.  These  values  are  given  in  Table  4  under  the  column 
Jln^t-visual .  The  average  value  of  J  determined  by  this  method  was  8.0 

3.5  psi-in.,  which  agrees  well  with  the  linear  value.  The  linear  and 
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(c)  No  pop-in 


"visual"  values  of  Jiriit  were  compared  for  each  specimen,  and  the  linear 
value  was  on  the  average  1.5  '  2.8  psi-in.  higher  than  the  "visual"  value. 
Thus,  Jinit  from  the  linear  regression  provides  a  reliable  estimate  of 
the  initiation  of  crack  growth  although  the  data  do  not  follow  the  linear 
relation  of  Eq.  (12). 


These  values  of  J.  are  also  in  good  agreement  with  those  reported  in 
imt  31_p 

the  literature.  Parvin  and  Williams  measured  a  J.  .  of  11.1  psi-in., 

29  lnlt 

and  Fraser  and  Ward  report  a  value  of  2.11  psi-in.,  this  small  value 


may  be  due  to  their  very  sensitive  measurement  technique. 


As  can  be  seen  from  the  preceding  paragraphs,  the  value  of  J  at  the 
initiation  of  crack  growth  is  difficult  to  obtain.  There  is  no  physical 
means  of  determining  whether  a  material  is  at  the  point  of  crack  initiation. 
All  that  can  be  done  directly  is  to  bracket  the  value  of  J  about  this 
point.  Indirect  methods  of  determining  this  value  must  be  used.  These 
methods  involve  fitting  a  straight  line,  either  linear  or  exponential, 
to  a  selected  portion  of  the  crack-growth  data  and  extrapolating  this 
line  to  an  intersection  with  a  formalized  blunting  line.  The  quantity 
for  J  which  results  from  this  method  is  an  operational  value  and  does  not 
necessarily  correspond  to  any  direct  physical  quantity.  At  best,  this 
indirect  method  is  a  means  of  determining  J3n3t  that  may  be  useful  in 
design  calculations  and  serves  as  a  reasonable  estimate  of  the  true  value 
of  J  at  the  initiation  of  crack  growth. 


In  order  to  avoid  the  difficulty  of  identifying  when  crack  initiation 
occurs,  it  was  decided  to  determine  the  value  of  J  at  2%  crack  growth 
because  this  corresponds  to  the  allowed  amount  of  crack  growth  in  AST11 
Standard  E399  for  K  .  This  value  of  J  should  correspond  to  the  value  of 

i. 

Kj£,  and  should  allow  more  of  the  intrinsic  toughness  of  the  material 
to  be  used  in  design.  The  principle  advantage  of  this  method  is  that  the 
value  determined  corresponds  to  a  physically  known  and  directly  measurable 
value  of  J.  It  should  be  pointed  out  that  this  value  of  2%  does  not 
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represent  the  magic  number  and  another  value,  such  as  1%,  could  be  used 
equally  well.  Also,  this  value  of  J  can  be  found  by  fitting  a  straight 
line  through  the  crack-growth  data  and  interpolating  to  find  the  value  of 
J  at  2%  crack  growth.  Interpolation  has  the  advantage  of  being  more 
reliable  than  extrapolation. 

The  value  of  J  at  2%  crack  growth,  J  (2%),  in  PC  was  found  by  reviewing 
the  data  and  estimating  its  value.  Although  this  is  not  a  quantitative 
procedure,  the  crack-growth  data  are  closely  spaced  and,  as  a  result, 
accurate  determination  can  be  made  from  the  plots.  The  values  of  J  (2%) 
ranging  from  19  to  31  psi-in. ,  with  an  average  of  25.0  ±  3.5  psi-in., 
are  listed  in  Table  4.  No  effects  of  crack  length  or  thickness  upon 
J  (2%)  could  be  ascertained. 

This  value  of  J  (2%)  corresponds  to  a  K  of  3070  psi  /in. ,  which  is  in 

, —  34 

good  agreement  with  the  KT  value  of  3300  psi  /in.  reported  by  Banasiak, 

3290  reported  by  Key  and  Katz,  and  3150  reported  by  Fraser  and 
29 

Ward.  The  slightly  lower  value  of  J  (2%)  may  be  due  to  the  difference 

in  crack-growth  direction  in  the  present  study.  This  good  agreement 

between  J  (2%)  and  KIC  supports  a  position  that  J  (2%)  is  a  better  measure 

of  Kt_  than  J.  ...  The  value  of  K  which  corresponds  to  J.  ,  is  1735 
IC  inxt  v  init 

psi  /in. ,  which  is  46%  lower  than  the  value  of  K  reported  in  the 

lv 

literature. 

In  order  to  determine  whether  the  use  of  J  (2%)  would  have  wider  applica¬ 
bility,  this  method  was  applied  to  the  ASTM  Round-Robin  test  results  on 
14 

A533B  steel.  As  pointed  out  previously,  the  crack-growth  behavior  of 

this  material  followed  an  exponential  relation.  Consequently,  the  value 

of  J  (2%)  was  found  by  interpolating  an  exponential  fit  to  the  data, 

although  a  linear  fit  was  also  interpolated.  The  value  of  J  (2%)  was 

found  separately  for  each  of  the  twelve  participating  laboratories. 

2 

The  average  value  of  J  (2%)  was  336  ±  23  kj/m  for  the  linear  fit  and 
2 

330  ±  16  kJ/m  for  the  exponential  fit,  corresponding  to  a  J.  .  value 

r\  a  ini  t 

of  270  +  23  kJ/m  for  the  linear  fit  and  190  ±  39  kJ/m  for  the 
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exponential  fit.  Thus,  the  value  of  J  (2%)  yields  a  reproducible 

number  with  less  scatter  than  that  for  J,.^  ,  and  it  allows  more  of  the 

toughness  of  the  material  to  be  used  as  a  fracture  criterion.  Also, 

J  (2%)  is  insensitive  to  the  type  of  fit  enjoyed,  whereas  J.  .  is 

mit 

extremely  sensitive  to  the  type  of  fit. 

One  difficulty  with  the  use  of  either  or  J  (2%)  in  engineering 

design  is  that  the  material  frequently  has  much  more  resistance  to 

fracture  than  either  of  these  values  would  seem  to  indicate.  For  PC, 

the  value  of  J  at  the  maximum  load  withstood  by  the  specimen  is  given 

in  Table  4.  These  values  are  at  least  four  times  greater  than  those  of 

J.  .  and  at  least  two  times  greater  than  those  of  J  (2%).  In  order  to 
mit 

utilize  the  available  toughness  of  the  material  for  design  purposes, 

two  approaches  can  be  taken.  One  involves  the  use  of  the  value  of  J  at 

pop-in  and  the  other,  the  use  of  the  relation  between  crack  growth  and 

J  in  a  stability  analysis.  It  has  been  shown  that  the  value  of  J  at 

maximum  load  is  not  a  material  parameter  but  is  dependent  upon  the  speci- 
23 

men  geometry. 


The  value  of  J  at  pop-in  for  PC  is  given  in  Table  4.  When  unstable 

fracture  occurred,  the  value  of  J  at  the  fracture  point  was  used  as  the 

pop-in  value.  The  average  value  of  J  at  pop-in  was  41.0  ±  2.2  psi-in. 

Specimen  thickness  and  crack  length  had  no  effect  upon  this  value. 

This  value  is  in  good  agreement  with  a  value  of  35.2  psi-in.  measured  by 

32 

Parvin  and  Williams.  For  those  specimens  in  which  pop-in  did  not 

occur,  the  value  of  J  at  maximum  load  closely  corresponded  to  the  value 

of  J  at  pop-in.  However,  J  at  pop-in  may  be  due  to  the  type  of  specimen 

employed.  Tests  should  be  made  with  either  a  single-edge-notch  specimen 

pulled  in  tension  or  a  center-cracked  panel  before  J  at  pop-in  is  used 

33 

to  characterize  the  fracture  toughness  of  PC.  (Although  Brinson  tested 

center-cracked  panels,  the  thickness  employed  was  in  the  plane-stress 

regime.)  It  should  be  noted  that  in  other  materials,  the  value  of  J 

at  maximum  load  cannot  be  used  to  characterize  fracture  toughness  because 

23-24 

the  value  of  J  is  dependent  upon  specimen  geometry.  However,  it 

is  not  known  whether  this  geometrical  dependence  holds  for  J  at  pop-in 
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since  other  materials  usually  do  not  exhibit  the  type  of  pop-in  behavior 
exhibited  in  PC.  (The  physical  cause  for  the  pop- in  behavior  in  PC 
is  not  known.) 


The  second  method  for  utilizing  the  available  toughness  of  the  material 

involves  characterization  of  the  crack-growth  behavior  as  a  function  of 

J.  Then  the  stability  of  crack  growth  in  a  structure  can  be  calculated. 

A  method  proposed  for  this  stability  calculation  is  the  Tearing  Instability 

25 

Theory  of  Paris,  et^  al.  As  discussed  in  the  Introduction,  a  linear 
relation  between  crack  growth  and  J  is  used  to  approximate  the  crack- 
growth  behavior.  This  relation  is  expressed  in  terms  of  the  tearing 
modulus,  T,  defined  as 


A  2  da 

CT0 

where  E  is  the  elastic  modulus,  the  flow  stress, and  dJ/da  the  slope 
of  the  linear  J-Aa  curve.  This  modulus  is  a  linear  approximation  to  the 
J-Aa  curve,  which  is  made  at  the  early  stages  of  crack  growth.  As 
discussed  in  previous  paragraphs,  the  crack-growth  behavior  of  PC  and 
many  other  materials  does  not  follow  a  linear  relation  with  J,  but 
rather  an  exponential  relation.  Although  this  exponential  behavior  does 
not  invalidate  the  concept  of  the  tearing  modulus  as  a  linear  approxima¬ 
tion,  it  appears  that  the  applicability  of  the  concept  can  be  extended 
to  a  larger  range  of  crack-growth  behavior.  If  the  exponential  relation 
between  J  and  Aa,  Eq.  (16),  is  differentiated  and  used  for  dJ/da,  then 
the  tearing  modulus  would  take  on  the  form 


T  =  C  m  (Aa)(m-1)  (19a) 

^0 

or  m-1 

T  =  —^2  <C)1/m  m  (J)  111  (19b) 

CT0 
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where  Eq.  (19b)  is  derived  by  using  Eq .  (16)  to  replace  a  with  J. 

Equation  (19b)  enables  the  calculation  of  a  value  of  J  at  which  insta¬ 
bility  occurs  in  a  given  geometry.  Equation  (19)  can  he  used  to  account 
for  the  continuously  decreasing  slope  of  the  linear  J- ' a  curve,  which  means 
that  stability  of  the  structure  decreases  with  crack  ^rowth. 

The  value  of  the  tearing  modulus  in  Table  4  for  PC  was  computed  from  the 
straight-line  fit  to  the  crack-growth  data  used  to  find  the  linear  value 
of  J.  .  .  The  flow  stress  was  taken  to  be  the  average  of  the  yield  and 
ultimate  stresses.  The  values  of  T  ranged  from  3.57  to  11.1,  with  an 
average  of  6.05  ±  2.14.  There  were  discernible  effects  of  thickness  or 
crack  length  upon  T.  The  values  of  log  C  and  m  for  the  exponential 
formulation  of  the  tearing  modulus,  Eq .  (19a)  or  (19b),  have  been  given 
in  Table  2  as  b  and  m,  respectively  urder  the  columns  for  log  J.  The 
values  of  the  slope,  m,  range  from  0.473  to  0.915,  with  an  average  of 
0.677  ±  0.128;  the  value  of  the  intercept,  b,  ranges  from  0.436  to  0.873, 

with  an  average  of  0.611  ±  0.157  (excluding  the  "outlier"  Specimens  14 

and  22).  No  effects  of  thickness  or  crack  length  were  evident  from  these 
values.  Thus,  the  exponential  relationship  between  J  and  5, a  is 

438.5  (Aa)°‘677  (20) 

where  Aa  is  in  inches.  Differentiating  Eq .  (20)  and  substituting  into 

Eqs .  (19a).  and  (19b)  result  in  the  following  equations  for  the  tearing 

modulus,  T,  : 

log 

T  =  1.684  (Aa)“0,323  (21a) 

log 

T.  =  30.67  (J)"0'477  (21b) 

log 

where  Aa  is  in  inches.  The  results  of  Eqs.  (21a)  and  (21b)  are  plotted  in 
Fig. (17a)  and  (17b),  along  with  the  tearing  modulus  from  the  linear  behavior, 
J  =  b  +  mAa.  These  figures  show  that  the  linear  tearing  modulus  is  a 
good  average  of  the  logarithmic  modulus,  except  at  small  values  of  J  or 
Aa,  where  crack-tip  blunting  and  not  crack  growth  is  occurring.  Since 


55 


Tearing  Modulus  as  a  Function  of  Crack  Growth  from  Exponential  and 
Linear  Fits  of  J  vs  Aa.  T  =  1.684  (Aa)'^'323. 


BLUNTING 

(T*  85) 


Figure  17(b).  Tearing  Modulus  as  a  Function 
J  vs  Aa.  T  =  30.67  (j)-0.477. 


the  blunting  behavior  is  formalized  as  a  linear  relation  between  J  and 
Aa,  the  use  of  the  linear  tearing  modulus  would  be  appropriate  in  this 
regime.  The  value  of  T  for  crack-tip  blunting  is  85.5,  which  indicates 
a  very  high  resistance  to  instability.  (The  use  of  T  in  the  blunting 
regime  is  somewhat  questionable  since  it  is  associated  with  crack  exten¬ 
sion.  ) 


In  the  Introduction,  a  minimum  specimen  size  above  which  is 

invariant  with  respect  to  specimen  dimensions  was  discussed.  The  size 
limitation  was  given  by  Eq.  (6)  in  which  a  constant  a  controls  the  size 
and  usually  varies  from  25  to  50.  Since  the  fracture  criteria  for  PC 
showed  no  dependence  upon  thickness  or  crack  length,  the  minimum  dimen¬ 
sion  of  0.125  in.  should  be  used  in  Eq .  (5).  Using  this  number,  a  is 

less  than  or  equal  to  105  for  J.  .  ,38  for  J  (2%), and  23  for  J  at 
n  mit 

pop-in. 
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SECTION  4 
CONCLUSIONS 


1.  a)  The  value  of  J  at  the  initiation  of  crack  growth  in  PC  was  found 
to  be  '  9  psi-in. 

b)  The  value  of  J  at  2%  crack  growth  in  PC  was  found  to  be  25  psi-in. 

c)  The  value  of  J  at  pop-in  for  PC  was  found  to  be  41  psi-in. 

d)  No  effect  of  thickness  or  crack  length  upon  the  above  values 
was  observed. 


2.  The  crack  growth  in  PC  was  characterized  by  an  exponential  function 
of  J 


J  =  438.5  (Aa) 


0.677 


where  a  is  in  inches  and  J  is  in  psi-in.  An  exponential  relation 
between  J  and  crack  growth  was  observed  for  other  materials  in  the 
literature. 


3.  a)  The  value  of  the  tearing  modulus  for  a  linear  fit  to  J  vs.  Aa 
was  found  to  be  6.05. 

b)  A  tearing  modulus  for  exponential  behavior,  J  =  C  (Aa)m, for  PC 
was  found  to  be 


where  Aa  is  in  inches  and  J  is  in  psi-in.  (T  is  nondimens ional ) . 

c)  No  effect  of  thickness  or  crack  length  upon  either  of  these 
moduli  was  observed. 

d)  The  linear  tearing  modulus  provided  a  reasonable  approximation  to 
the  behavior  of  the  logarithmic  tearing  modulus. 


4.  The  J-integral  provided  a  reasonable  characterization  of  the  non¬ 
linear  fracture  behavior  of  PC. 
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APPENDIX  A 

LOAD-DISPLACEMENT  CURVES 

Load-displacement  response  of  the  PC  specimens  is  given  in  the  following 
curves.  The  amount  of  crack  extension  in  mils  which  was  measured  from  the 
photographs  is  noted  at  various  load  and  displacement  points  on  the  curves. 
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Load-Displacement  Behavior  of 


LOAD  (LB.) 


0.0  0.04  0.08  0.12 


DISPLACEMENT  (IN.) 

Figure  A3.  Load-Displacement  Behavior  of  Specimen  No.  4. 
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O.o  0.02  0.04  0.06  0.08  0.10  0.12 

DISPLACEMENT  (IN.) 

Figure  A5.  Load-Displacement  Behavior  of  Specimen  No.  10. 


Figure  A6.  Load-Displacement  Behavior  of  Specimen  No.  12. 


Figure  A7 .  Load-Displacement  Behavior  of  Specimen  No.  13. 


Figure 


Figure  All.  Load-Displacement  Behavior  of  Specimen  No.  21. 
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( 


I 


0.0  0.02  0.04  0.06  0.08 

DISPLACEMENT  (IN.) 

Figure  A13.  Load-Displacement  Behavior  of  Specimen  No.  23. 
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APPENDIX  B 

J  VS.  CRACK  GROWTH  FOR  POLYCARBONATE 

The  values  of  J  obtained  by  integration  of  the  load  vs.  load-line- 
displacement  results  from  three-point-bend  specimens  and  the  corresponding 
values  of  crack  growth,  Aa,  measured  from  photographs  are  given  in  Tables 
B1-B13.  The  values  of  the  stress-intensity  factor,  K,  in  each  table  were 
computed  using  the  current  load  and  the  initial  crack  length.  The  height, 

W,  for  all  specimens  was  nominally  1.01-in. 

Plots  of  J  vs.  Aa  using  Cartesian  coordinates  for  each  specimen  are  shown 
in  Figs.  B1-B13.  The  linear  line  which  begins  at  the  origin  and  has  the 
steeper  slope  is  the  blunting  line,  J  =  2cr^Aa,  where  a,  is  the  flow  stress. 
The  second  line,  having  the  lesser  slope,  is  a  linear  regression,  J  =  b  +mAa, 
through  data  where  Aa > 6  mils,  provided  all  subsequent  crack  growth  is 
>  6  mils.  A  linear  regression  was  obtained  for  J  vs.  both  crack  growth  and 
crack  growth  plus  craze  length  for  Specimen  Nos.  10,  12,  15,  and  21.  These 
data  which  were  used  in  the  linear  regression  are  also  denoted  in  Tables 
B1-B13.  In  some  photographs  from  Specimens  14,  20,  and  24,  the  crack 
growth  could  not  be  determined  accurately  even  though  it  was  probably 
greater  than  6  mils.  Thus,  crack-growth  values  are  not  given  in  the  table 
and  were  not  used  in  the  linear  regression. 

Plots  of  J  vs.  Aa  using  log-log  coordinates  for  each  specimen  are  shown  in 
Figs.  B14-B26.  The  linear  regression  which  made  use  of  the  same  data, 

Aa  >  6  mils,  as  above  would  determine  the  constants  C  and  m  in  the  relation¬ 
ship  J  =  C  (Aa)m. 
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Table  B1 


CRACK-GROWTH  DATA  FOR  SPECIMEN  NO.  2 


B  =  0.998  in. 


(a/W) 


init 


0.698 


Aa 


LOAD 

K 

J 

CRACK 

CRAZE 

(lb.) 

(psi/in. ) 

(psi-in. ) 

(mils) 

(mils) 

52.75 

1217.00 

3.60 

- 

- 

57.25 

1321.00 

4.25 

” 

62.00 

1431.00 

5.00 

— 

67.00 

1545.00 

5.80 

— 

— 

71.75 

1656.00 

6.80 

— 

85.50 

1973.00 

9.80 

— 

95.50 

2181.00 

12.20 

— 

— 

107.50 

2481.00 

16.00 

- 

- 

119.25 

2752.00 

20.  30 

- 

— 

123.00 

2839.00 

21.70 

— 

133.00 

3069.00 

25.70 

— 

— 

140.25 

3237.00 

32.00 

- 

— 

142.25 

3283.00 

35.80 

11.70 

2  1.30 

143.00 

3300.00 

3  7.50 

15.40 

21.60 

TOTAL 

(mils) 

0.00 
1.00 
2.60 
2.  50 
1.00 
b.  00  * 

7.00  * 

10.50  * 

12.00  * 

15.50  * 
20.00  * 
30.00  * 
33.00  * 
37.00  * 


*  Data  used  in  linear  regression 


Table  B2 


CRACK-GROWTH  DATA  FOR  SPECIMEN  NO.  4 
B  =  0.500  in. 

(a/W)init  =  0,693 

Aa 

LOAD  K  J  CRACK  CRAZE  TOTAL 


(lb.) 

(psi/in. ) 

(psi-in 

2.50 

112.40 

0.00 

5.50 

247.30 

.20 

10.25 

460.90 

.  .60 

20.00 

899.40 

2.00 

24.50 

1102.00 

3.00 

30.50 

1372.00 

4.75 

40.00 

1799.00 

8.50 

50.00 

2248.00 

13.70 

60.00 

2698.00 

20.50 

65.00 

292  3.00 

24.  70 

68.00 

3053.00 

28.00 

70.00 

3148.00 

30.00 

71.75 

322  7.00 

32.25 

73.50 

3305.00 

35.50 

74.25 

3339.00 

37.00 

7  5.00 

3373.00 

40.00 

74.00 

3328.00 

43.  30 

71.50 

3215.00 

44.00 

*  Data  used  in  linear  regression. 


(mils)  (mils)  (mils) 


0.00 

3.00 

2.60 

4.25 
4.00 

6.25 
3.20 
3.60 
8.50  * 

13.50  * 
16.80  * 
18.60  * 
20.20  * 
27.10  * 
28.80  * 
33.20  * 
39.70  * 
47.25  * 
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Table  B3 


CRACK-GROWTH  DATA  FOR  SPECIMEN  NO.  6 


B  =  0.498  in. 


(a/W) 


init 


0.686 


LOAD 

K 

J 

CRACK 

Aa 

CRAZE 

(lb) 

(psi/in.) 

(psi-in.) 

(mils) 

(mils) 

4.25 

185.40 

0.00 

- 

- 

14.50 

632.60 

.83 

— 

22.25 

970.60 

2.16 

_ 

30.00 

1309.90 

4.17 

*“ 

35.50 

1549.03 

6.01 

“ 

42.00 

1632.00 

3.52 

“ 

48.25 

2105.00 

11.80 

— 

53.00 

2312.00 

14.40 

60.25 

2629.00 

19.30 

“ 

65.52 

2858.00 

2  3.60 

70.00 

3054.00 

28.50 

73.00 

3135.30 

32.10 

“ 

74.75 

3261.00 

35.30 

“ 

75.75 

3305.30 

37.70 

— 

75.75 

3305.00 

40.50 

74.25 

3243.30 

41.70 

*“ 

54.50 

2378.00 

42.90 

— 

50.60 

2208.00 

46.30 

TOTAL 

(mils) 


6.60 

6.80 

7.80 
8.60 
4.20 
6.00* 
8.80* 
10.60* 
1 3  .  t>0  ’ 
19.00* 
24.40* 
28.00* 
33.90* 

35.80 

43.80 
49.90* 

116.00  * 
140.00  * 


*  Data  used  in  linear  regression. 


82 


4.  * 


Table  B4 


CRACK-GROWTH  DATA  FOR  SPECIMEN  NO.  10 


B  =  0.250  in. 


(a/W) init 


0.782 


Aa 


LOAD 

K 

J 

CRACK 

CRAZE 

TOTAL 

(lb.) 

(psi/ in. ) 

(psi-in. ) 

(mils) 

(mils) 

(mils) 

1.30 

196.00 

.10 

- 

2.30 

302.00 

.23 

- 

3.00 

453.00 

.30 

- 

4.50 

679.00 

1.10 

_ 

6.00 

7.50 

906.00 

1132.00 

2.00 

3.50 

- 

- 

- 

9.00 

1359.00 

5.10 

“ 

4.00 

10.50 

1585.00 

7.00 

6.00  t 

12.00 

1812.00 

9.40 

3.50 

3.30 

6.80  * 

13.50 

2038.00 

12.20 

4.43 

5.30 

9.70  * 

14.60 

2204.00 

14.80 

6.43 

4.60 

11.00  * 
11.90  * 

15.20 

2295.00 

16.30 

7.53 

4.40 

15.90 

2401.00 

id. 00 

8.53 

5.10 

13.60  * 

16.50 

2491.00 

19.  73 

9.00 

>.70 

14.70  : 

17.10 

2582.00 

21.70 

10.90 

6.70 

17.60  * 

17.70 

2672.00 

23. 70 

13.03 

7.30 

20.30  * 

18.30 

2763.00 

26.00 

15.00 

5.40 

21.40  * 

IS. 80 

2839.00 

28.70 

17.30 

5.70 

24.00  * 

19.30 

2914.00 

31.50 

20.73 

5.  30 

26.00  * 

19.80 

2990.00 

34.70 

22.53 

7.60 

30.10  * 

20.  10 

3035.00 

37.00 

25.63 

3.10 

3  3.70  * 

20.20 

3050.00 

38.50 

28.73 

7.43 

36.10  * 

20.30 

3065.00 

40.  30 

29.20 

3.30 

37.50  * 

20.30 

3065.00 

43.23 

30.20 

7.93 

38.10  * 

20.20 

3050.00 

44.  83 

34.23 

7.20 

41.40* 

20.00 

3020.00 

46.  03 

36.43 

7.00 

43.40  * 

19.80 

2990.00 

46.  50 

39.00 

5.60 

45.60* 

19,70 

2974.00 

47.50 

39.73 

9.23 

4  7.90  * 

*  Data  used  in  linear  regression. 
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Table  B5 


CRACK-GROWTH  DATA  FOR 

SPECIMEN  NO. 

12 

B  =  0.248 

in . 

(a/W).  = 

0.582 

mit 

Aa 

LOAD 

K  J 

CRACK 

CRAZE 

TOTAL 

(lb.) 

(psi/in.)  (psi-in.) 

(mils) 

(mils) 

(mils) 

1.40 

79.00 

0.03 

- 

- 

- 

5.50 

311.30 

.  10 

- 

- 

- 

10.00 

556.00 

.  63 

- 

- 

.90 

15.20 

860.00 

1.90 

- 

- 

2.30 

20.20 

1142.00 

3.  30 

- 

- 

2.80 

25.10 

1420.00 

5.30 

- 

- 

4.60 

28.  70 

1623.00 

7.00 

- 

- 

5.50 

29.20 

1661.00 

7.53 

- 

- 

6.60* 

33.80 

1912.00 

9.93 

3.23 

5.60 

8.  80* 

38.20 

2  160.00 

13.03 

4.80 

5.40 

10.20* 

41.80 

2354.00 

15.80 

6.93 

7.00 

13.90* 

45.30 

2562 .00 

18.90 

8.10 

8.30 

16.40* 

48.80 

2753.00 

22.50 

11. 33 

3.00 

19.30* 

52.20 

.  2952.30 

26.50 

15.83 

7.40 

23.20* 

55.20 

3122.00 

30.50 

18.73 

3.30 

27.00* 

57.80 

3269.03 

34.20 

23.00 

7.53 

30.50* 

*  Data  used  in  linear  regression 


Table  B6 

CRACK-GROWTH  DATA  FOR  SPECIMEN  NO.  13 


LOAD 

(lb) 


2.00 

169.70 

0.03 

— 

— 

3.00 

254.60 

.25 

““ 

5.00 

424.30 

.50 

2.80 

10.00 

'14  8.50 

1.75 

*“ 

— 

4.70 

12.60 

10b  9.00 

2.90 

— 

— 

2.70 

15.00 

1273.00 

4.25 

— 

~ 

5.50 

17.50 

1435.00 

5.80 

— 

— 

4.50 

19.90 

1689.00 

7.  bO 

““ 

4. 70 

23.50 

1994.00 

10.  75 

— 

4.40 

25.00 

2121.00 

12.25 

- 

- 

6.10* 

30.00 

2546.00 

Id.  43 

- 

- 

7.30* 

34. 70 

2944.00 

26.00 

- 

- 

12.00* 

37.00 

3140.00 

30.  75 

- 

13.80* 

39.30 

3335.00 

37.  73 

- 

- 

18.30* 

39.50 

3352.00 

3  9.25 

- 

— 

20.00* 

38.00 

3224.00 

41.03 

- 

2b. 60* 

31.80 

2698.00 

41.  75 

— 

— 

71.60* 

B  =  0.250  in. 

(a/W)  =  0.681 

init  Aa 

K  J  CRACK  CRAZE  TOTAL 

(psi/in. )  (psi-in.)  (mils)  (mils)  (mils) 


*  Data  used  in  linear  regression. 
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Table  B7 


CRACK-GROWTH  DATA  FOR  SPECIMEN  NO.  14 


B  =  0.124  in. 


(a/W) 


init 


0.785 


Aa 


LOAD 

K 

J 

CRACK 

CRAZE 

(lb.) 

(psi/in. ) 

(psi-in. ) 

(mils) 

(mils) 

2.00 

621.70 

1.03 

2.90 

901.50 

2.25 

- 

- 

4.00 

1243.00 

4.50 

- 

- 

5.10 

1535.00 

7.25 

- 

- 

6.00 

1865.00 

L0.25 

- 

- 

7.10 

2207.00 

14.  75 

- 

— 

8.00 

2487.00 

20.00 

- 

- 

9.00 

2793.00 

27.  75 

— 

— 

9.60 

2934.00 

36.75 

_ 

_ 

9.60 

2964 . 00 

40.00 

— 

9.50 

2934.00 

43.00 

_ 

9.50 

2953.00 

47.00 

__ 

9.50 

2953.00 

47.50 

9.50 

2953.00 

48.00 

_ 

_ 

9.45 

2938.00 

49.00 

_ 

9.45 

2938. 00 

50.00 

_ 

9.40 

2922.00 

51.25 

_ 

_ 

9.35 

2906.00 

52.00 

_ 

9.20 

2860.00 

54.00 

9.10 

2829.00 

55.50 

- 

- 

*  Data 

used  in  linear 

regression. 

TOTAL 

(mils) 


0.00 
1.  70 
1.40 
1.60 
2.70 

4.20 
6.90  * 

7.20  * 
10.10  * 

13.30  * 
19.50  * 
19.70  * 
21.60  * 
24.10  * 
25.00  * 

24.20  • 

29.30  * 

36.30  * 

39.30  * 
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Table  B8 


CRACK-GROWTH  DATA  FOR  SPECIMEN  NO.  15 


B  =  0.125  in. 


(a/W) 


init 


0.585 


Aa 


LOAD 

K 

J 

CRACK 

CRAZE 

TOTAL 

(lb.) 

(psi/ in. ) 

(psi-in. ) 

(mils) 

(mils) 

(mils) 

1  .AO 

159.00 

0.00 

- 

- 

- 

5.00 

557.00 

.  80 

- 

- 

7.60 

862.00 

2.00 

- 

2.  70 

10.20 

1157.00 

3.  70 

- 

A. 20 

12.70 

1 A  A  1 . 00 

5.  30 

.  30 

A. 60 

A. 90 

15.00 

1702.00 

8.10 

1.90 

5.60 

7.  50  * 

18.30 

20  75.00 

12.  70 

A.  60 

5 .60 

11.20  * 

20.  AO 

2315.00 

16.80 

7.00 

5.60 

13.60  * 

22.20 

25  19.00 

19.00 

9.60 

7.90 

17.50  * 

23.60 

26  7  3. GO 

21.90 

11.60 

3.30 

19.90  * 

25.20 

285  9.  00 

25.  90 

12.50 

9.80 

22.30  * 

25.90 

2939.00 

27.60 

13.50 

10.  AO 

23.90  * 

27.30 

3097.00 

32.00 

17.20 

12.10 

29.30  * 

28.30 

3211.00 

35.50 

18.80 

13.30 

32.10  * 

28.80 

3258. 00 

39.00 

25.10 

13.90 

AO. 00  * 

28.60 

3  2  a  5 . 00 

Al.  50 

26.20 

23.  70 

A 9. 90  * 

28.00 

31 77.00 

A2. 10 

25.50 

32.60 

58. 10  * 

2  7.90 

3lbb. 00 

A3.  30 

27.80 

32.80 

60.60  * 

28.30 

3211.00 

A6.30 

26.  AO 

AO.  30 

66.70  * 

*  Data 

used  in  linear 

regression. 
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Table  B9 


CRACK-GROWTH  DATA  FOR  SPECIMEN  NO.  20 
B  =  0.123  in. 


LOAD 

K 

J 

0.698 

CRACK 

Aa 

CRAZE 

TOTAL 

(lb.) 

(psi/in. ) 

(psi-in. ) 

(mils) 

(mils) 

(mils) 

.80 

149.90 

0.00 

- 

- 

0.00 

2.00 

374.80 

.43 

- 

- 

0.00 

4  .  10 

7  b  3  •  4  0 

1.60 

- 

- 

2.30 

6.  10 

1143.00 

3.80 

- 

- 

4.0  3 

8.00 

1499 . 00 

6.50 

- 

- 

3.  80 

8.90 

1  0  4  .1 . 0  0 

8.10 

- 

- 

5.20 

9.60 

1799.00 

9 . 50 

- 

- 

5.00 

10.50 

1963.00 

11.30 

- 

- 

6.60  * 

12.00 

2249 .00 

15.00 

- 

- 

7.20  * 

13.20 

24  74.00 

18.  50 

- 

- 

12.20  * 

14.00 

2624.00 

21.50 

- 

- 

14.30* 

14.70 

2  76  r>  .  0  j 

24.50 

- 

- 

18.10* 

15.20 

2849.00 

26. 63 

- 

- 

17. 30  * 

15.30 

2857.00 

27.50 

- 

- 

20.90  * 

15.50 

29o5. 00 

28.50 

- 

- 

20.70  * 

15.70 

29^2 . 00 

29.50 

- 

- 

22.90  * 

15.90 

2930.00 

30.83 

- 

- 

24.00  * 

15.10 

3017.00 

32.00 

- 

- 

27.  50  * 

16.50 

3092.00 

35.50 

- 

- 

31. 50  * 

16.20 

3035.00 

41.00 

- 

- 

38.50  * 

16.20 

3036.00 

4  1.50 

- 

- 

4  1.30* 

16.30 

3055 . 00 

43.50 

- 

- 

41.30* 

16.40 

3074.00 

45.00 

- 

- 

- 

16.50 

3092.00 

46.00 

- 

- 

50.00  * 

16.60 

3111.00 

47.00 

- 

- 

51.00  * 

16.75 

3139.00 

48.80 

““ 

— 

59. 30  * 

*  Data 

used  in  linear 

regression. 
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Table  BIO 


LOAD 

(lb.) 


1.02 

1.02 

2.13 

3.02 

3.64 

4.46 

5.1b 

5.91 

6.42 

6.74 

6.93 

7.18 

7.40 
7.56 
7.  77 
7.90 

a. 06 
8.16 
8.26 

9.40 


CRACK-GROWTH  DATA  FOR  SPECIMEN  NO.  21 
B  =  0.122  in. 

(a/W)init  =  °'806 


K 

(psi/in. ) 


(psi-in. ) 


CRACK 

(mils) 


Aa 


CRAZE 

(mils) 


TOTAL 

(mils) 


376.00 
375.00 
805.00 
1116.00 
141 7.00 
1646.00 
1904.00 
2181.00 
2367.00 
2437.00 
2553.00 
2650.00 
2731.00 
2797.00 
2868.00 
2915.00 
2975.00 
3011.00 
3046.00 
3100.03 


.23 

.20 

1.50 

3.00 

5.00 

6.90 

9.80 

13.50 

16.40 

18.50 
19.90 
21.70 

23.80 

25.50 

27.80 

29.50 

31.50 

33.40 

35.50 

36.80 


8.60 

12.70 

11.83 

17.53 

19.03 

19.00 

22.33 

22.40 

23.03 


6.10 

7.50 

8.70 

7.40 

7.40 

5.90 

7.30 
6.80 

9.30 


3. 

3. 

3. 

5. 

6. 
6. 
5. 
8. 
9. 

11. 

11. 

14. 

20. 

20. 

24. 
26. 

25. 
29. 
29. 
32. 


10 

10 

50 

80 

50 

40 

90  * 
10 

bo  : 

50 
80  * 
70  * 
20  * 
50  * 
90  * 
40  * 
90  * 
60  * 
20  ; 
30  * 


*  Data  used  in  linear  regression. 
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Table  Bll 


1 


CRACK-GROWTH  DATA  FOR  SPECIMEN  NO.  22 
B  =  0.990  in. 


(a/W)in.t  -  0.763 


Aa 


LOAD 

K 

J 

CRACK 

CRAZE 

TOTAL 

(lb.) 

(psi/in. ) 

(psi-in. ) 

(mils) 

(mils) 

(mils) 

84.10 

2827.00 

29.40 

- 

- 

4.40* 

87.10 

2923.00 

34.60 

— 

— 

9.70* 

87.90 

2956.00 

36.90 

— 

13.00* 

88.00 

2959.00 

39.40 

— 

18.30* 

88.80 

2918.00 

40.60 

“ 

21.30* 

i  _ 

*  Data  used  in  linear  regression. 


1 

5 


« 
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Table  B12 


CRACK-GROWTH  DATA  FOR  SPECIMEN  NO.  23 
B  =  1.014  in. 

<a/Wlnlt  -  0.538 


LOAD 

K 

J 

CRACK 

CRAZE 

TOTAL 

(lb.) 

(psi/in. ) 

(psi-in. ) 

(mils) 

(mils) 

(mils) 

28.50 

337.50 

.25 

- 

- 

0.00 

121.00 

1433.00 

5.50 

- 

3.  10 

131.00 

1551.00 

6.50 

“ 

- 

2.56 

141.00 

1670.00 

7.75 

— 

- 

2.38 

151.00 

1783.00 

8.  75 

”* 

- 

2.53 

161.00 

1907.00 

9.80 

— 

— 

3.45 

170.50 

2019.00 

10.50 

— 

3.25 

130.00 

2132.00 

12.50 

““ 

— 

4.44 

190.50 

2256.00 

14.10 

— 

6.67  * 

201.00 

2380. 00 

15.75 

— 

6.84  * 

225.00 

2665.00 

20.75 

- 

— 

8.00  * 

25Q.50 

2  9b  7 . 00 

25.  75 

“ 

— 

11.53  * 

282.50 

3346.00 

35.00 

— 

16.75  * 

Data  used  in  linear  regression. 
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Table  B13 


CRACK- 

■GROWTH  DATA  FOR 

SPECIMEN  NO. 

24 

B  =  0.495 

in. 

0.795 

Aa 

LOAD 

K 

J 

CRACK 

CRAZE 

(lb.) 

(psi/in. ) 

(psi-in.) 

(mils) 

(mils) 

25.00 

2093.00 

11.50 

- 

- 

29.30 

2553.00 

16.40 

— 

- 

31.50 

2637.00 

19.  70 

- 

- 

32.60 

2729.00 

21.50 

- 

- 

33.50 

2796.00 

23.20 

- 

- 

35.00 

2857.00 

24.00 

- 

- 

35.60 

2897.00 

25.50 

- 

- 

35.10 

2939.00 

26.50 

- 

- 

36.20 

3031.00 

28.90 

- 

- 

37.30 

3123.00 

32.20 

- 

- 

37.90 

3173.00 

34.00 

- 

- 

38.20 

3193.00 

35.20 

- 

- 

38.80 

3259.00 

36.50 

- 

- 

38.90 

3257.00 

38.00 

- 

- 

38.90 

3257.00 

40.00 

- 

- 

38.50 

3223.00 

50.80 

- 

- 

TOTAL 

(mils) 

8. 30 
6.90  * 
9.60  * 
9.50  * 
li.90  * 
12.80  * 
15.80* 
13.50* 
19.  10* 
18.90* 


25.20* 

28.20* 

32.20* 

33.70* 


*  Data  used  in  linear  regression 


0.0  10.0  20.0  30.0  40.0  50.0  60.0 

CRflCK  GROWTH  (MILS) 

Figure  Bl.  Plot  of  Crack-Growth  Behavior  as  a  Function  of 
J  using  Linear  Coordinates  for  Specimen  No.  2. 
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0.0  10.0  20.0  00.0  %0.0  50.0  60.0 

CRACK  GROWTH  (MILS) 


Figure  B2.  Plot  of  Crack-Growth  Behavior  as  a  Function  of  J 
using  Linear  Coordinates  for  Specimen  No.  4. 
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0.0  10.0  20.0  30.0  10.0  50.0  60.0 

CRACK  GROWTH  (MILS) 


Figure  B3.  Plot  of  Crack-Growth  Behavior  as  a  Function  of  J 
using  Linear  Coordinates  for  Specimen  No.  6. 
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a  -  TOTAL 
o -  CRACK 
+ -  CRAZE 


— i - 1 - 1 - 1 - 1 — 

10.0  20.0  30.0  40.0  50.0 

CRACK  GROWTH  (MILS) 


A 


—I 

60.0 


Plot  of  Crack-Growth  Behavior  as  a  Function  of 
J  using  Linear  Coordinates  for  Specimen  No.  12. 


10.0 


50.0 


80.0 


B6. 


20.0  30.0  40.0 

CRACK  GROWTH  (MILS) 

Plot  of  Crack-Growth  Behavior  as  a  Function  of 
J  using  Linear  Coordinates  for  Specimen  No.  13. 
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ft 


« 


« 


« 


Figure  B8.  Plot  of  Crack-Growth  Behavior  as  a  Function  of  J 
using  Linear  Coordinates  for  Specimen  No.  15. 


inn 


« 


J  (PSI-IN) 

0.0  S.O  10.0  1S.0  20.0  25.0  30.0  35.0  40.0  45.0  SO.C 


Figure  Bll.  Plot  of  Crack-Growth  Behavior  as  a  Function  of 
J  using  Linear  Coordinates  for  Specimen  No.  22. 
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0.0  10.0  20.0  30.0  40.0  50.0  60.0 

CRACK  GROWTH  (MILS) 


Figure  B12.  Plot  of  Crack-Growth  Behavior  as  a  Function  of  J 
using  Linear  Coordinates  for  Specimen  No.  23. 
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0.0  10.0  20.0  30.0  40.0  50.0  60.0 

CRACK  GROWTH  (MILS) 

Figure  B13.  Plot  of  Crack-Growth  Behavior  as  a  Function  of 
J  using  Linear  Coordinates  for  Specimen  No.  24. 
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J  (PSI-INI 


Figure  B14.  Plot  of  Crack-Growth  as  a  Function  of  J 

using  Logarithmic  Coordinates  for  Specimen  No.  2. 
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1 


CRACK  GROWTH  (MILS) 


Figure  B15.  Plot  of  Crack-Growth  as  a  Function  of  J  using 
Logarithmic  Coordinates  for  Specimen  No.  4. 
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CROCK  GROWTH  (MILS) 


Figure  B16.  Plot  of  Crack-Growth  as  a  Function  of  J  using 
Logarithmic  Coordinates  for  Specimen  No.  6. 
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WENQ 

a  -  TOTAL 
o -  CRACK 


B17. 


f  I  »  t  1  I  "  ■■■!»■■ 

CRACK  8WJHTH  (MILS) 


Plot  of  Crack-Growth  as  a  Function  of  J 
Logarithmic  Coordinates  for  Specimen  No 


using 

10. 


1 


— i - » — -i - 1 - 

CROCK  GROWTH  (MILS) 


—i 
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« 


Figure  B18. 


Plot  of  Crack-Growth  as  a  Function  of  J  using 
Logarithmic  Coordinates  for  Specimen  No.  12. 


* 
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i  *  *  T  •  - - - - » - « - r 

CRACK  GROWTH  (MILS) 


Figure  B19.  Plot  of  Crack-Growth  as  a  Function  of  J  using 
Logarithmic  Coordinates  for  Specimen  No.  13. 


Ill 


(MILS) 


CMCK  OftOWTH 


gure  B20. 


Plot  of  Crack-Growth  as  a  Function  of  J  using 
sgarithmic  Coordinates  for  Specimen  No.  14. 
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CRACK  GROWTH  (MILS) 


too 


Figure  B21.  Plot  of  Crack-Growth  as  a  Function  of  J  using 
Logarithmic  Coordinates  for  Specimen  No.  15. 
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CRflCK  GROWTH  (MILS) 


Figure  B23.  Plot  of  Crack-Growth  as  a  Function  of  J  using 
Logarithmic  Coordinates  for  Specimen  No.  21. 
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J  (PSI-IN) 


APPENDIX  C 


DATA  ON  THE  LITERATURE  ON  J  VALUES  AND  CRACK  GROWTH 

Data  in  the  literature  on  J  values  and  crack  growth  for  various  materials 
are  plotted  using  linear  and  log-log  coordinates. 


I 


Figure  Cl(b).  Plot  of  Crack-Crowth  as  a  Function  of  J 
for  5083-0  Aluminum  (Refs.  16,  25):  Log- 
Log  Coordinates. 
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J  (KPfl-M) 
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a- 
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T1  r  .  i - 1 - r 

0  O.S  1  l.S  2 

CROCK  GROWTH  (MM) 


-i 

2.S 


Figure  C2(a).  Plot  of  Crack-Growth  as  a  Function  of  J 
for  7005-T6351  Aluminum  (Ref.  10): 
Cartesian  Coordinates. 
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Figure  C2 ( b)  •  Plot  of  Crack-Growth  as  a  Function  of 
J  for  7005-T6351  Aluminum  (Ref.  10): 
Log-Log  Coordinates. 
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5  7.5  10  12.5 

CRACK  GROWTH  (MM) 


Plot  of  Crack-Growth  as  a  Function  of  J 
for  A533B  Steel  (Ref.  17):  Cartesian 
Coordinates . 


0.50  0.75 

CRACK  GROWTH  (MM) 


1 


C4(a).  Plot  of  Crack-Growth  as  a  Function 
of  J  for  Ti-7Al-2Cb-lTa  Titanium 
(Ref.  19):  Cartesian  Coordinates. 
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CRACK  GROWTH  (MM) 


T 

1 


Figure  C4(b).  Plot  of  Crack  Growth  as  a  Function  of  J  for 
Ti-7Al-3Cb-lTa  Titanium  (Ref.  19):  Log-Log 
Coordinates. 
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Figure  C5(a).  Plot  of  Crack.  Growth  as 
J  for  A533B  Steel  (Ref. 
Coordinates . 
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(KJ/Mf1x*2) 


Figure  C5(b/ 


CRRCK  GROWTH  (MM) 


Plot  of  Crack  Growth  as  a  Function  of  J  for 
A533B  Steel  (Ref.  14):  Log-Log  Coordinates. 
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▼  I  I  I - 1  I 

0  0.4  0.8  1.2  1.6  2 

CRACK  GROWTH  (MM) 


Figure  C6(a).  Plot  of  Crack-Growth  as  a  Function  of  J 
for  Ni-Cr-Mo  Steel  (Ref.  18):  Cartesian 
Coordinates . 
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CRACK  GROWTH  (MM) 


Figure  C6(b).  Plot  of  Crack-Growth  as  a 
Ni-Cr-Mo  Steel  (Ref.  18): 

I 


« 


i — i — i—r 
J 


Function  of  J  for 
Log-Log  Coordinates. 
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